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ORBITAL RECONNAISSANCE PROGRAM 

FOR VIKING CLASS MISSIONS 

By Richard N. Green and Sue W. Souders 
Langley Research Center 

SUMMARY 

A computer program has been developed to meet the needs of Project Viking in the 
area of orbital reconnaissance. This program is presented as an analytical tool for pre- 
liminary mission design and analysis. 

The program has the capability of investigating the t ime history of both the space- 
craft groundtrack and the camera footprint on the rotating surface of Mars. Various 
options a r e  available to  control where and how the photographs a r e  taken. A sequence of 
photographs can be taken over a desirable lighting band, between two orbital t rue anoma- 
lies, or between latitudes of interest. Within the interval of desirable photography the 
photographs can be taken on either a time increment or a t rue  anomaly increment. Also 
included is the option to  take photographs on an overlap a rea  consideration. Both vertical 
and nonvertical photography a re  available as program options. A description of the pro- 
gram input and output, a FORTRAN listing of the program, and samples of the input and 
output are included. 

INTRODUCTION 

A computer program, PANDG (Photography and Groundtrack), has been developed t o  
meet the needs of Project Viking in the area of orbital reconnaissance. Specifically, 
PANDG was developed in support of the Langley Viking Project Office for  use  in prelimi- 
nary mission design and analysis, 

The program has the capability of investigating the t ime history of both the space- 
craft groundtrack and the camera footprint on the rotating surface of Mars. Various 
options a r e  available t o  control where and how the photographs a r e  taken. A seqc .'*?e of 

lies, or  between latitudes of interest. Within the interval of desirable photography the 
photographs can be taken on either a time increment or a true anomaly increment. Also 
included is the option to take photographs on an overlap area consideration. Both vertical 
and nonvertical photography a r e  available as program options. 

photographs can be taken over a desirable lighting band, between two orbital t rue 7 -  



The program has been designed to  output either photographic data or groundtrack 
data or the two in combination. The groundtrack output consists of the Julian date, the 
calendar date, and the time elapsed from the initial t rue anomaly. Also included a r e  the 
latitude and longitude of the subsatellite point, the altitude, inertial velocity, t rue anomaly, 
and flight-path angle of the spacecraft. Additional parameters include the lighting angle 
at the subsatellite point, the hour angle of the Martian vernal equinox measured from the 
zero meridian, the argument of periapsis, and the longitude of the ascending node of the 
spacecraft orbit. Equations for most of these parameters a re  developed herein. The 
photographic output consists of parameters of interest at the four corners  of the camera 
footprint, at the midpoint of each of the four sides, and at the center point of the photo- 
graph. At each of these nine points the following parameters a r e  output: latitude, longi- 
tude, lighting angle, slant range distance, and static resolution. One of the most important 
photo output parameters is the ratio of the overlap area between the present camera foot- 
print and the previous footprint. The development of these parameters is also presented. 

One advantage of PANDG is the capability to  control the overlap area.  Previously, 
some investigators have used forward overlap and side overlap as a measure of the over- 
lap area;  this definition was commonly used for Lunar Orbiter photography. However, 
for Mars photography, a more complete definition is needed because of the geometry 
created by a rapidly spinning planet. Therefore, overlap was defined as the ratio of the 
overlap - area to the a rea  of the previous photograph. 
print were considered great circles instead of minor circles. An option is available to  
control the overlap between consecutive photographs. 

For simplicity, the sides of the foot- - 

The information necessary for the implementation of the program is contained in 
the appendixes of this paper. The function of the main program is outlined with a flow 
diagram; the purpose of each subroutine is se t  forth in appendix A. A FORTRAN listing 
is included in appendix B, in addition to sample input and output in appendix C. 

SYMBOLS 

A' vector from center of planet to  corners  of previous photographic footprint 
on surface, kilometers 

a semimajor axis, kilometers 

iii vector from center of planet to  corners  of present photographic footprint 
on surface, kilometers 

C component of unit E 



E camera vector directed from spacecraft along one corner of photograph to 
surf ace, kilometers 

e unit vector from spacecraft along one corner of photograph 

D component of 6, kilometers 

5 arbi t rary vector within overlap area,  kilometers 

d magnitude of E, kilometers 

E spherical excess, degrees 

EA spherical excess of footprint formed by ,xz ,x3,& vectors, degrees 

EC spherical excess of overlap area,  degrees 

e e ccent r icit y 

F vector from center of planet to one corner of overlap area, kilometers 

f t r ue  anomaly, degrees 

H altitude, kilometers 

Ha altitude of apoapsis, kilometers 

HP altitude of periapsis, kilometers 

hx,hy,h, components of h 

ii unit vector in azimuth direction (heading) 

T footprint intersection vector, kilometers 

i inclination, degrees 

JD Julian date, days 

J20 

%,ny,nz components of ii 

second zonal harmonic of planet 



r 

t 

V 

v, 

- 
X 

. 4  

unit vector normal to orbital plane 

P points toward periapsis, Q is in orbital plane advanced to P by a 
right angle in direction of increasing true anomaly, and W completes 
right-handed system 

magnitude of F, kilometers 

radius of surface, kilometers 

components of 1 

unit vector in radial direction 

radius vector, kilometers 

component of unit vector directed from planet toward Sun 

unit vector from center of planet parallel to arr ival  asymptote of 
incoming hyperbola 

time, days 

velocity, kilometers/second 

hyperbolic excess velocity in areocentric coordinate system, 
kilometers/second 

1 horizontal velocity relative to surface divided by altitude, second' 

Cartesian coordinate axis system 

primed Cartesian coordinate axis system 

rectangular Cartesian coordinates, kilometers 

rectangular Cartesian coordinates in the primed system, kilometers 
(see sketch (h)) 

spacecraft position vector, kilometers 



CY longitude, degrees 

P angle between spacecraft position vector and camera vector, degrees 
(see sketch (e)) 

critical camera angle, degrees (see sketch (e)) 

Y flight-path angle, degrees 

A F  magnitude of A F  

A F = F - E  

, 
I 6 latitude, degrees 
I 

rl angle between sides of overlap area, degrees (see sketch (i)) 

e hour angle, degrees 

0 longitude of 6, degrees 

x angle between radius and camera center line, degrees (see sketch (b)) 

I-L gravitational constant, kilometers3/second2 

E angle between sides of camera footprint , degrees (see sketch (f)) 

c azimuth, degrees 

* latitude of D, degrees 

q-) 

52 

angle between radius vector and Sun vector, degrees 

longitude of ascending node, degrees 

w argument of periapsis, degrees 

$f camera forward half-angle, degrees (see sketch (b)) 

5 .  



+S camera side half-angle, degrees (see sketch (b)) 

I Subscripts: 

0 initial conditions 

i R measured in rotating coordinate system 

I - . . A  

r,h,n rectangular Cartesian components in r,h,n coordinate system 

X,Y ,z rectangular Cartesian components in X,Y ,Z coordinate system I I 
x' ,y' ,z' rectangular Cartesian components in primed system of coordinates 

~ (see sketch (h)) 

Caret (^ j  over a symbol denotes unit vector. 

Dot over a symbol denotes derivative with respect t o  time. 

I Numerical subscripts a r e  used to  distinguish similar quantities. (For example, 
I ~ ~ , ~ ~ , ~ ~ , &  a r e  the four vectors defined as x.) 

METHOD OF CALCULATION 

The PANDG computer program has been designed to compute areographic photo- 
graphic and groundtrack data rapidly. The motion of the spacecraft about M a r s  has been 
considered Keplerian motion with the inclusion of the second zonal harmonic J20, which 
perturbs only the longitude of the ascending node and the argument of periapsis. The 
program is complicated only by the variety of options which a r e  available t o  the user.  
These options, however, a r e  necessary to provide the flexibility needed for  mission anal- 
ysis. The program operates in three modes. The first mode produces only groundtrack 
data, the second produces only photographic data, and the third mode combines the two 
types of data. With the third option the groundtrack of a number of revolutions will be 
output with photographic output during regions of interest. 

The initial state of the spacecraft can be input in one of three ways. The most 
obvious definition of the initial state consists of the six Keplerian orbital elements a, e, 
i, W ,  52, and f.  Often, however, the altitudes of periapsis and apoapsis a r e  more conve- 
nient to input. Therefore, the option to replace a and e with Ha and Hp has been 
included. The third option derives the initial state f rom a knowledge of the incoming 
approach hyperbola. (See ref. 1.) To exercise this option, the right ascension and 



declination of the approach asymptote 
velocity V, and the desired inclination of the spacecraft orbit. In addition, the shape . 
of the orbit must be defined by Ha and Hp. This  option assumes a deboost from a 
hyperbolic periapsis to an elliptical periapsis and defines the initial t rue anomaly of the 
spacecraft as zero. Since PANDG calculates data relative t o  the rotating surface, the 
initial time is important. Allowance has been made to input either an initial Julian date 
o r  an initial calendar date. 

must be input along with the hyperbolic excess 

From the initial state,  the spacecraft is stepped either to the point of the first 
groundtrack output or to the point of the first photograph, depending on which occurs first. 
Many t imes it is desirable t o  increment the spacecraft in time. Often, however, a t rue 
anomaly increment seems more appropriate. Therefore, both types of increments have 
been included as options. 

If the program is exercised in one of the two photographic modes, the region over 
which photographs a re  to  be taken must be specified. This region can be a Sun angle 
band, the section along the trajectory defined by two t rue  anomalies, or a latitude band. 
Also included is the option to take a single photograph at a given latitude. Within the 
photographic region of interest, multiple photographs a r e  taken. The spacing of these 
photographs can be specified in one of two ways, that is, either on the groundtrack step 
(true anomaly or time) or on an overlap a rea  consideration. In addition to  the above 
specifications, the photography must be defined as either vertical or nonvertical. If the 
nonvertical option is employed, the camera axis is rotated about the heading direction 
from a vertical direction through an angle A. In other words, the camera axis is rotated 
out of the orbital plane by an amount of A. 

Termination of a specific case can be defined by three stop options - time, orbit 
number, or the central angle traversed by the spacecraft. There is no limit t o  the period 
of t ime which can be investigated. As the spacecraft position is incremented in time, the 
position of Mars  is also updated with the mean orbital elements of the planet about the Sun. 
The location of the Martian prime meridian is also updated so that areographic param- 
eters, expressed in the Mars centered rotating coordinate system, can be examined. 
Therefore, the number of days that are investigated is at the discretion of the user.  

Initial State of the Spacecraft 

Dependent on which input option is exercised, the six Keplerian orbital elements of 
the spacecraft a r e  calculated. The first option calls for all six elements. The second 
option expresses  the shape of the orbit in te rms  of Ha and Hp, the altitudes of apo- 
apsis and periapsis,  respectively. For the second option, the semimajor axis a and 
the eccentricity e a re  given by 



Ha + Hp + 2rs  
2 

a =  

rs + Hp 
e = l -  a 

where rs is the radius of Mars .  The third option derives the orbital elements f rom 
the arrival hyperbola. (See ref. 1.) The six orbital elements are then converted to 
inertial Cartesian components. 

Groundtrack Parameters  

The groundtrack output consists of a number of parameters,  some of which relate 
to  the Martian surface. To calculate these parameters,  the state of the spacecraft must 
be expressed in the rotating equatorial coordinate system. The relationship between the 
two Mars centered coordinate systems, the inertial equatorial coordinate system (areo- 
centric) and the rotating equatorial system (areographic), is through the hour angle of the 
Martian vernal equinox as measured from the prime meridian. The hour angle 8 is 
given by (ref. 2) 

e = e o + h t  ( 1) 

where 
eo = 1490.475 

6 = 350.891962 deg/day 

At = JD - 2418322.0 

The present t ime is expressed in t e rms  of Julian date JD. 

, Prime meridian 

xR (Prime meridian) 
x (Martian verna l  

equinox) 

Sketch (a) 
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It is now an easy task to  express the spacecraft state in the areographic coordinate 
system. From sketch (a) and reference 3, 

xR = x cos 8 + y s in  8 

jr, = -k sin e + j r  COS e - xRe 

yR = -x sin 8 + y cos 8 

z R = z  

ir, = k cos e + j r  s i n  e + yR8 

bR = i 

The longitude of the subsatellite point is given by 
4 

sin a! = 

cos a! = 

where Oo 2 a! 2 360°, and the latitude is given by 

where -90° 2 6 590° and 

The altitude is simply 

H = r - r ,  

and the inertial velocity of the spacecraft is given by 

To find the inertial flight-path angle y ,  the vertical component of the inertial veloc- 
ity vector, which is found by the dot product, is divided by the velocity, that is 

where -90° 5 y 5 90'. The Sun angle at the subsatellite point is defined as the angle 
between the spacecraft radius vector and the vector t o  the Sun. When the Sun is directly 
overhead, the Sun angle is zero. To  obtain the unit Sun vector, a ser ies  of subroutines 

9 .  



which utilize the mean orbital elements of M a r s  about the Sun is exercised. A discus- 
sion of this procedure is given in reference 1. Once the Sun vector has been obtained, 
the vector dot product yields the Sun angle at the subsatellite point, that is 

0 = cos-1 (xsx + y:y + zsz 1 
where 0' 2 0 5 180' and (Sx,Sy,Sz) is the unit vector directed toward the Sun. Also 
included i n  the set of groundtrack parameters is V/H, or the horizontal velocity relative 
to  the surface divided by the altitude of the spacecraft. The horizontal velocity can be 
found by considering the magnitude of the vector c ross  product of the relative velocity 
vector and the radius vector, that is 

where (90' - y )  is the angle between the two vectors, or  the complement of the relative 
flight-path angle. Therefore, V/H is given by 

In addition to the above groundtrack parameters a r e  the following: Julian date, calendar 
date, orbit t ime, orbit number, and the t rue anomaly of the spacecraft. 

Photographic Parameters  

The main objects of interest at a photographic point a r e  the camera footprint on the 
I 

surface (that a rea  of the surface photographed by the onboard camera) and the set  of 
parameters which a r e  evaluated at each of the four corners of the footprint and at the mid- 
point of each side. The location of the footprint, however, depends on the camera system 
and its characteristics. The camera system discussed herein is defined as being alined 
with the inertial orbital plane and is described by a forward half-angle $'f and a side 
half-angle $'s. (See sketch (b).) In addition, the capability t o  rotate the camera center 
line out of the plane of motion by an angular amount X has also been included. 
cal photography, the camera center line is directed downward along the radius vector 
(A = 0). To facilitate the calculation of the points where the four corner vectors pierce 
the surface, consider the spacecraft-centered coordinate system G,h,h (sketch (C)). The 
unit vector 
(heading) is in the azimuth direction. The unit vector 6 is normal to  the plane Of motion, 
that is, 6 = 1 X fi. The unit vector 
ners  of the photograph, defined by a positive forward half-angle $'f and a positive side 
half-angle $'s, is illustrated in sketch (d). Also, a positive out-of-plane angle A has 

For verti- 

is directed along the radius vector to  the spacecraft, and the vector fi 

directed f rom the spacecraft along one of the cor- 

10 



Orbit  /Spacecraft 

Center l i n e  
of camera 

Groundt rac  k 

Surface 

Sketch (b) 

A 
r 

>-Y 

Spacecraft o r b i t a l  
X J plane 

Sketch ( c )  

A 
r r c  

Orbi ta l  plane 

. 

G f l  Sketch (d)  
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been considered. The components of the corner vector in the ?,fi,fi system are there- 
fore  given by 

C r  = -COS ( A  + +s) COS Ic/f 

(6) I c h  = cos (A + +,) sin +f 

Cn = sin (A + qs) 

The corner vector in the X,Y,Z system remains to  be expressed. The unit vec- 
tor F expressed in the X,Y,Z system is 

-c 

* x  
r = r = (rx,ry,rz) 

and the unit vector fi is given by 

The unit vector & is 

& = fi X ? = (hX,hy,hz) 

Therefore, the unit vector 6 in the X,Y,Z system is 

- 
From sketch (e), the angle p between the radius vector x and the corner vector e 
is given by 

where 0' 2 p S 180°. If p exceeds the value of p*, the corner vector does not pierce 
the surface. From sketch (e), 

p = cos-I(-i  e)  

o <  * where 0 = P S 180O. Hence, for the corner vector to  pierce the surface,  p < P*. The 
slant range distance d is given by the law of cosines as 

rs2 = r2 + d2 - 2rd cos p 

or 

2 r  cos p i4r2cos2p - 4(r2 - rs2) 
d =  

2 

. 12 



4 '  
Sketch ( e )  

Since the extended corner vector pierces the surface at two points and since the smaller 
of the two solutions for d is the desired solution, the radical is negative and 

d = r cos p - /r2cos 2 6 - r 2 + rs 2 

Therefore, the point at which the camera corner vector pierces the surface of the planet 
is given by 

where 

4 

F = Z + E  

The other three corners are found in a s imilar  manner by considering *t,bS and ft,bf 
in equation (6). The latitude and longitude of the corner vector 
tions (1) to  (4) and the Sun angle with equation (5). 

-c 

F are found with equa- 

Camera Footprint Overlap 

Another photographic parameter of interest is the camera footprint overlap. The 
camera overlap area, as defined in PANDG, is the surface a r e a  contained in both the pres- 
ent camera footprint and the previous camera footprint. The ratio of this overlap a r e a  t o  
the area of the previous footprint is designated as the camera footprint overlap or  simply 
as the overlap. This parameter is important in designing a sequence of photographs so 
that they can be overlaid to form a map of the area photographed. In addition, overlap is 
necessary to obtain s tereo effects from the photographs. Previously, some investigators 
have used forward overlap and side overlap as a measure of the overlap area. This 

13 



definition was commonly used fo r  Lunar Orbiter photography. However, for M a r s  photo- 
graphy, a more complete definition is needed because of the geometry created by the 
higher spin rate  of the planet. In certain instances the surface with the camera footprint 
rotates faster than the spacecraft revolves in its orbit. Therefore, the footprint is ahead 
of the spacecraft, and forward overlap would not be adequate. 

The camera footprint is that area of the surface photographed by the onboard cam- 
era.  A s  shown previously, the four corner points or vectors can be found. The sides of 
the footprint a r e  actually a r c s  of minor circles, which are difficult to  analyze mathemat- 
ically. To simplify computations, the sides have been considered as great circles. This 
approximation is justifiable for  photography taken at low altitudes (small footprint). 
However, as the footprint becomes large,  the e r ro r  associated with this approximation 
becomes more pronounced. Since most of the photography will be at low altitudes, this 
simplification seems reasonable. 

The overlap is defined by eight corner vectors. (See sketch (f).) The four vectors 
XI, x2, x3, and & represent the four corners of the previous footprint. Similarly, 
the present footprint is defined by the four B vectors. For the particular geometry 
shown, the overlap area h a s  four corners which are typed as either interior vectors or 
intersection vectors. Corner vectors of the overlap a rea  which a re  also corner vectors 
of one of the footprints are  classed as interior vectors. Examples of these a r e  
X3. An intersection vector occurs at the corner formed by the intersection of one side 
from each of the two footprints. Examples of these a r e  11 and r2. 

and 

- 
The surface a rea  of the previous footprint is found by considering the number of 

spherical degrees in the footprint. Since the entire spherical surface of M a r s  contains 
720 spherical degrees and since the surface a rea  is easily obtainable, the area of the 

g2 

Sketch (f) 
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footprint follows from the number of spherical degrees it contains. However, to  obtain 
the overlap, which is a ratio of areas ,  only the computation of the spherical degrees con- 
tained in the a r e a  is necessary and not the area itself. The number of spherical degrees 
in an a rea  is equal to  its spherical excess. By definition, the spherical excess of a spher- 
ical polygon is the difference between the sum of its angles and the sum of the angles of a 
plane polygon having the same number of sides. (See ref. 4.) Therefore, the spherical 
excess EA of the footprint formed by the A vectors is given by 

The 5 angles a re  the angles between the great circular a r c s  which connect the corner 
points. These angles are most easily found by considering the vector normal t o  each 
side and computing the angles between the normals. Therefore, 51 is given by 

where 0' 5 t1 5 180°. The other three 5 angles are found in a s imilar  manner. 

Pr ior  to  the calculation of the spherical excess of the overlap area,  the corner vec- 
t o r s  must be found. First, the B vectors a r e  examined to  determine if they a r e  interior 
vectors. If El is an interior vector, the sum 
of the spherical excesses of the four triangles 

1 2 3 , 1 3 4 , 1 4 1  
will be equal to the spherical excess of the foot- 
print formed by A vectors. However, if these 
excesses are not equal, the vector considered is 
not an interior vector but lies outside of the foot- 
print area. (See sketch (g).) The spherical Sketch (g)  
excess of the triangle B'l-Xl-& is given by 

21 24 31 

% 3 

E1-X1-X2, B' -A' -A' E -x 5 -A' -x 

m, JQZ4 
$1 

The spherical excesses of the other three spherical triangles a r e  found in a similar man- 
ner ,  and the sum indicates whether El is an interior point. This sequence is then 
repeated for both the A and the B vectors until all interior vectors are found. 

15 1 



Once the interior vectors a re  found, the geometry is examined to determine if any 
intersection vectors exist. First, the side joining and x 2  is examined to deter- 
mine if any of the  sides formed by B vectors intersect it. The intersection vector is 
found by the vector cross product of the normals, that is 

i = *(xl x x2) x (51 x E4) 

where T is the intersection vector and is multivalued since great circles intersect at 
two points. For to be a corner vector of the overlap area,  it must lie between A1 
and x 2  and also between 51 and g4. If the sum of the angles between and 'i 
and between and x 2  equals the angle between and x 2 ,  then I is surely 
between and &. The same must be true for the B vectors. Therefore, for 7 
to be an intersection vector, 

and 

Both values of must be examined as candidates for an intersection vector. A s  can be 
seen in sketch (f), I satisfies the first of the two criteria but fails the second. There- 
fore, I is not a corner vector of the overlap area. In turn, each of the four sides of the 
footprint formed by B vectors is examined in combination with the four sides of the foot- 
print formed by A vectors. For the geometry of sketch ( f ) ,  the intersection vectors I1 
and ?2 are found in this manner. 

4 

. 
- 

Once all the corner vectors of the overlap a rea  a r e  found, the overlap area is deter- 
mined. However, the interior and intersection vectors found are not necessarily in clock- 
wise o r  counterclockwise order. To facilitate the calculation of the overlap area,  the 
corner vectors a re  ordered by considering the azimuth angle of each vector referenced to  
an arbitrary vector within the overlap area. The corner vectors are redefined as Fi 
where i = 1, 2, 3, . . ., n, and the reference vector 6 is formed by averaging the first 
two corner vectors, that is 

- 
- 

0 F1+$2 
D =  

2 
The vectors from D' to each of the corner vectors a r e  given by 

0 , -  

A F i  = Fi - D 
where i = 1, 2, 3, . . ., n. 

16 



Sketch (h) X J 

The azimuth angle is found by considering the geometry of sketch (h). The primed 
axis system is alined such that the X'-axis is in the radial direction, the Z'-axis is per- 
pendicular t o  X' and in a northerly direction, and the Y'-axis completes the triad. The 
rotation from the unprimed system to  the primed system is accomplished by 

- 
cos 6, 0 

0 1 

-sin 6, 0 cos - 
where 

cos 6, = J1 - sin% 

17 



Therefore, A F  can be expressed in the primed system as 

AF,, = AF, cos 4 cos 0 + AFy cos & sin 0 + AFz  sin @ 

AFy? = -AF, sin 0 + AFy cos 0 

AF,, = -AFx sin ch cos 0 - AFY sin @ sin 0 + AF, cos @ 

and the azimuth angle C is given by 

A Fy, 
sin C = 

A Fz, 
cos c = i . qz iQ  

where 0' 2 C S 360'. In this manner the azimuth angle for each of the corner vectors 
A g i  is found and ordered such that they are clockwise (sketch (i)). 

Sketch (i) 

The spherical excess EC of the overlap a r e a  is now given as 

EC = (771 + rl2 + r13 + rl4) - 360° 

where the angles are found in the same manner as the angles. The overlap, or 
the ratio of the overlap a rea  to  the a rea  of the previous footprint, is simply 

Overlap = - EC 
EA 

where the range of the overlap is from 0 to 1. 
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The number of corner vectors comprising the overlap a rea  is not necessarily four 
but can vary from three to eight. Examples of various geometries are shown in sketch (j). 
Although the method described was derived by considering a four-cornered overlap area,  
which is the most frequent case, the procedure is applicable for all geometries. The 
computer program, PANDG, has the capability to  calculate the overlap for all six pos- 
sible geometries. 

k\\\\ 
\ 

Five corners 

Six corners Seven corners Eight corners 

Sketch ( j )  

RESULTS AND DISCUSSION 

The equations developed herein and the program options outlined have been incor- 
porated into the computer program designated PANDG. The program was written in 
FORTRAN IV language for a digital computer and contains a main program and 31 sub- 
routines. The information necessary for the implementation of the program is contained 
in the appendixes of this paper. 
result from the execution of PANDG. 

Figure 1 is an example of the type of plots which can 
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Figure 1. - Photography foo tp r in t s  between l a t i t u d e s  of -25O and 30' 
and groundtrack f o r  a satel l i te  o r b i t  about Mars. 

The groundtrack of the spacecraft has been traced by the subsatellite points at 10' 
intervals of t rue anomaly. Also shown is a series of camera footprints which resulted 
from the choice of several  program options. The region of photographic coverage was 
designated as being between the latitudes of -25O and 30'. Within this region, vertical 
photography was taken on an overlap consideration. The first in the sequence of foot- 
prints occurred at the point where the camera center line crossed the 30' latitude line. 
Photographs were then taken such that a 25-percent overlap existed between consecutive 
frames. Photographic coverage continued until all four corners  of the footprint were out 
of the latitude band. PANDG then continued t o  output groundtrack data until one Of the 
program stop conditions was reached. For the particular case considered herein, the 
program stop occurred when 400° of central angle had been t raversed by the spacecraft. 
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CONCLUDING REMARKS 

A computer program has been developed to meet the needs of Project Viking in the 
a rea  of orbital reconnaissance. The program is intended as an analytical tool for pre- 
liminary mission design and analysis. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., June 2, 1970. 
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APPENDIX A 

PROGRAM DESCRIPTION 

The program PANDG has been written entirely in FORTRAN IV computer language 
for the Control Data 6600 digital computer and contains a main program and 31 subrou- 
tines. The modular form in which the program was written resulted in a field length 
(storage requirement) of 60 0008. A brief statement of the purpose of each subroutine 
contained in the program follows. 

CAWUL 

CARCON 

CARSPH 

CONCAR 

DOT 

EEARTH 

EMARS 

EULER 

GPRINT 

JULCAL 

LATLNG 

LOGIC 

OPRINT 

ORBIT 

22 

Converts calendar date to Julian date 

Converts Cartesian coordinates to  conic elements 

Converts Cartesian coordinates to  spherical coordinates 

Cmverts  conic elements to Cartesian coordinates 

Calculates the angle between two vectors 

Calculates the mean heliocentric position and velocity of Earth 

Calculates the mean heliocentric position and velocity of Mars 

Performs an Euler rotation 

Calculates and writes groundtrack data 

Converts Julian date to calendar date 

Converts Cartesian position to latitude and longitude 

Examines program options t o  determine whether the next event is a 
groundtrack or photography event and calculates the time increment 
and t rue anomaly increment to  the next event 

Writes program inputs 

Calculates Keplerian orbital elements for a periapsis-to-periapsis deboost 
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OVERLAP 

PPRINT 

PRATIO 

PRECES 

QADRAT 

RAY 

RECEQ 

REQMEQ 

REQPEQ 

RXYZPQW 

STDCASE 

SUNBAND 

TCONIC 

TINVS 

UPDATE 

Calculates the time increment to  the next camera footprint for a given 
overlap ratio 

Calculates and writes photography data 

Calculates the overlap ratio between two footprints 

Transforms mean Earth equinox and equator coordinates from one epoch 
to  another epoch 

Solves an equation of the form AX2 + BX + C = 0 for the real  roots 

Calculates the point at which the camera vector pierces the surface 
of the planet 

Rotates a vector from the coordinate system of the mean equinox and 
ecliptic of date to  the coordinate system of the mean Earth equinox 
and equator of date 

Rotates a vector from the coordinate system of the mean Earth equinox 
and equator of date to the coordinate system of the mean Mars equinox 
and equator of date 

Rotates a vector from the coordinate system of the mean Earth equinox 
and equator of date to  the coordinate system of the mean planet equinox 
and equator of date 

Rotates a vector from the X,Y,Z to the PQW coordinate system 

Defines program constants and standard input data 

Calculates the two positions in orbit which correspond to  a given lighting 
angle 

Calculates the time from periapsis passage for a given t rue  anomaly 

Converts mean anomaly to  eccentric and t rue anomaly 

Updates all time dependent parameters such as t rue anomaly, hour angle, 
and so forth 
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VECTOR Calculates the positions of the Sun, Earth, and Canopus in the coordinate 
system of the center of the planet and the planet equator 

WELLS Updates the argument of periapsis and the longitude of the ascending node 

The main program is relatively simple, since its main purpose is administration. 
The subroutine STDCASE is called first to  define the program constants, to  initialize 
various parameters, and t o  define any standard data which it might contain. Afterwards, 
the input data are read into the program by means of a FORTRAN IV namelist. Only two 
options a re  considered in the main program. The input option (IPUT = 1, 2, 3) denotes 
the set  of parameters input t o  describe the initial state of the spacecraft. The other 
option (IDATE = 1, 2) denotes which date was used; the initial date can be input as either 
a calendar date o r  a Julian date. Dependent on the options, the initial orbital elements 
and the initial Julian date a r e  calculated. In addition, the initial hour angle HA and 
the unit Sun vector (subroutine VECTOR) are calculated. Afterwards, subroutine OPFUNT 
is called to write all the program inputs. 

At this point the program is ready to  perform its primary task of calculating photo- 
graphic and groundtrack data. Subroutine LOGIC is called to determine whether the next 
event is a grmndtrack event o r  a photographic event. This information is contained in 
the output parameter JJ. The time increment TSTEP and the t rue anomaly increment 
FSTEP to the next event a r e  also determined inside LOGIC. Next, subroutine UPDATE 
is exercised to update all time-dependent parameters according t o  TSTEP and FSTEP. 
Before processing the next event, however, the program stop conditions a re  examined. 
If the time has exceeded the time stop o r  the central angle has exceeded its limit o r  the 
orbit-number stop has been reached, then the case is terminated and a new set of input 
data are read. If none of these conditions a r e  met, then either the groundtrack data o r  
the photographic data are calculated and output. The program then proceeds t o  determine 
the next event. This cycle is repeated until the case is complete. A flow diagram of the 
main program follows. 
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I n i t i a l i z e  parameters i n s ide  sub- 
rout ine  MGIC 

C a l l  STDCASE 

o m  = 1 

G 
Read input data  

c 
e = l -  (rs + H P ) p  

I 

a = ( H ~  + % + 2rs)/2 

1 

rate and period 

1 2 

C a l l  CAUUL Call JULCAL 

I C a l l  LOGIC (0, TSTEP, FSTEP, JJ) I 
$. 
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C a l l  UPDATE 

Yes 
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FLAGP = 0 
TNMTP = 0 
T ' " G  = 0 
m = o  

The program logic is contained in the subroutine LOGIC. The purpose of the sub- 
routine is to  examine the program options in order to  determine whether the next event 
is a photographic event or a groundtrack event. In addition, it calculates the time and 
t rue anomaly increments to the next event. The logic involved in this calculation is 
rather complicated, as can be seen from the flow diagram of the subroutine. A number 
of different options a r e  examined in LOGIC. The option IPG determines whether the 
program generates groundtrack data (IPG = 1), photographic data (IPG = 2), or  the two 
in combination (IPG = 3). If groundtrack data are  generated, then ISTEP determines 
whether this data is output on time (ISTEP = 1) or t rue anomaly (ISTEP = 2). If photo- 
graphic data are generated, the camera system is defined as either vertical (IPHOTO = 0)  
or  nonvertical (IPHOTO = 1). For a single photograph, ISINGLE = 1. Usually, however, 
a series of photographs is taken. The region of photographic interest is defined by the 
IFRAME option. Within this region the photographs can be taken on either an overlap 
consideration (IOLAP = 1) or a constant step (IOLAP = 0). Subroutine LOGIC considers 
all these different options to  determine the next event. The flow diagram follows. 

i 

Flow Diagram f o r  
Subroutine LQGIC 

0 L - 

FLAGP = 0 
TNMTP = 0 
T ' " G  = 0 
m = o  

I yes 
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C a l l  GPRI" * 
6 

3 4- 

Call PPRINT 

t 
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1 
V 

Q & TNEXTP = TSTEP 

TNEXTG = DELT AJ==J 

29 
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NUMP = N W + 1  

Y 

to get better 
approx. f o r  

FLAGP = 1 
JJ = 2 
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P 
PLAT1 f TSTEP,FSTEP P 

Newton p r o c e d u r e  
t o  get b e t t e r  
approx. TSTEP, 
FSTEP, PLAT1 

Yes 

NCNT = NCNT+1 9 
8 JJ = 3 
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PROGRAM LISTING 

Program PANDG contains a main program and 31 subroutines. A FORTRAN IV 
listing of the program is contained in this appendix. The purpose of each subroutine is 
stated in the listing. Several of the subroutines contained in PANDG are not presented 
herein, since their listings appear in reference 1. The following subroutine listings 
have beem omitted: CARSPH, CONCAR, DOT, EEARTH, EMARS, EULER, JULCAL, 
LATLNG, ORBIT, PRECES, QADRAT, RECEQ, REQMEQ, REQPEQ, RXYZPQW, 
SUNBAND, TCONIC, TINVS, VECTOR. 
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c. 
PROGR 4 Y  P 6hDG ( I N P U T  rOUTPUTr ' I tFE5=INPlJTrThPEb=OUTPUT)  

C Q M C O h / R L  CCK1/  JDGr JD r D4TE r ChUM rk C t  01 4ST r OELT r D F L F  
CQM MO N 1 R L 0 C K 2 / A r E r X I r W r (3 9 F r PER I C 0 9 4 NGR A T r F 0 * F TOT 4 L r T T O f  A L 
C O Y  PO hl/ R L O C K 3  / RD r CR 1J r R S I P I 9 I.' 4 R E F r H4DOT r JDRE f 
CilMMON/RLOCK4 / S X  r S Y  r SZ r EX r EY ,E ? V E X  *CY r CZ 
CGMMC!I\/ BLOLKS/  I P G r  I P U T .  I CATE 9 I S T E P r  IOCC r IPHOTO r I M4NUr IB r I O L 4 P  9 I f  R 

C O ~ M O N / R L @ C K 6 / T S T O P r F S T C P r C S T O P  
C U M M f l N / B L O C K 7 / H 4 C r H P ~ r ~ C r E C ~ X I C r ~ C r O O r V I N ~ r S C E C ~ S R 4 ~ ~ E T A  
CO Y Y O  rY/ R L  OCK 8 / X J 20 r R E S 9 PI' I 1 p PH I 2 ,C VL A P r C ANGF rC A NG S v F PHOTO1 , FPH C T C 2 * r F O f I T L r  L 4PPC ArL 4 T l r  L 4 T 2  9 F C 4 T  
D I Y E N S I O N  D A T E (  6 )  r F O O T L ( 3 r 4 )  
RE 6L 
REbL JOr  JDOr  JDREF 
INTEGER CSTOPr OkUMr OL 4ST 
N4YEL I ST /CA SE /P401HPO I A 0  I EC 9 x 1  C ,hC r OOIFO r D 4 T E r  X J20 9 RES. V I N F  r 

+MErISIYGLE 

L 4 T 1 r  L 4T2 9 L 4MBDQp L 4 T L  4ST 

* S D E C r S R 4 r B E T A r  I P G r  I P U T p  I C A T E ,  ISTEPr I O C C r I P H O T O ~ I M 4 N U r I R , I O L 4 P I I F R 6  
*ME .F STOP *TISTOP rTSTOP *DEL 1, OELF TPS rU * P H I 1  r Ph 129 JD. O V L  4PeCANGFr  C 4NGf 
* r F P H O T O l r F P H O T 0 2 r L A T ~ ~ L 4 l 2 ~ P L 4 T ~ l ~ M ~ ~ ~ ~ H 4 R E ~ r H ~ D O T ~ J D R E F r I S I N G L E  

ANGLE ( X  1 =AECD( X r 3 6 G o  1 +1PO o - S  I GN (180 r X 1 

1 C C N T I h U E  

C4LL STCCQSE 

G n  TO I 2 r 3 r 4 ) r I P U T  * 
2 4=4n s E=FO $ XI=XIO $ w=ho s o=co s F=FO 

GO T C  5 
C 

3 so=( YPO+HPC+Z.*RS )/2* 
E n = l . - ( R S + H P O ) / A O  
GO T 3  2 

C 
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P A N E  

C 

C 
6 GO T n ( 7 r F ) r I D b T E  

7 CALL C ~ L J L J L ( ~ J C ~ F J D * W N D T F D , D I T E  1 
JO= W JO+F .IO 
GO TI1 9 

8 CCINTINLIE 
c 

W.JD=FL 0 4 T  ( I F I X (  J D )  I 
F J D= J C- k J 
C 4 L L  JlJLC 4L ( D ~ T F I W J C ,  FJCVO 1 

C 
9 . I D O = J C  

H4=4NGLF(!-ARFF+HADOT*(JC-JCREF) 1 

C4L L VECTOR ( J C t OLCS F AS 9 DE C E  R A E  CECCt  R AC 9 S X I S Y  t SZ 9 E X 9EY * E  2 T C  X TCY t 
* C Z * 4 1  

C 

c 
C 4 L L  O P R I  h T ( C 1  
CPLL L f l G I C ( O t T S T E P * F S T E P , J J  1 

L D G I C  ( 1 t T S T t P  t F STE P T J J 1 10 CPLL 
r. 

c 
C 4 L L  U P C P T F  ( T S T F P I F S T E P  I 

I F (  ( J C - J D ~ ) a B 6 ~ ~ ~ 0 . G T . T S T C P l  GO T C  1 
IF(PNIJ"ICT.CSTC1P) Gn TO 1 
I F ( F T f l T I L . G T . F S T @ P )  GO TC 1 

r, 

C 

C 

I F ( O L P S T . h E . O h U M )  C 4 L L  C P R I N T ( 1 )  

GO Tfl l l l r 1 2 r 1 3 I t J J  

11 CPLL G P P I N T  
G f l  Tr) ?I3 

1 2  C 4 L L  F P R T h T  
GO TO 1 3  

c 

C 
1 3  k R I T E ( h * l O l )  

191  F O Q Y 4 T ( * @ h C  S R L U T I O N  FOUND * I  
GO TT: 1 
FN D 
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C 
r, 
t 
C 
c 
C 
C 

c 

C 

C 

C 

C 

C 

SUBROUTINE P R A T I C t F O O T 0 , F C C T F ~ R A T I O )  

T H I S  SURROUTINE C A L C U L A T E S  THE CbERLAP R A T I C  BETWEEN TWO F O U T P P I h l S  

FOOT0 - M A T R I X  OF 4 COCUCN VECTCRS D E F I N I N G  PREVIOUS F O O T P R I N T  
F O f l T F  - C A T P I X  P F  4 COLUMN VECTORS D E F I N I N G  PRESENT FCIOTPRINT 
R A T I O  - F C O T P P I Y T  CVEPLAP R 4 T I C  

CGMMCN/r31 C C Y 3 / F D r D R  r U  ,RS p P I ,FAREF r b A D C T r  JDREF 
C ~ ~ Y f f N / R L O C K 5 / I P G r I P U T ~ I D ~ T E ~ I S T E ~ r I O C C r I P H O T O r I M A N U r I 6 r ~ O L 4 P ~  

1 I F R A P E v I S I N G L E  

REPL H 4 G V ~ ~ O R P r N C R M O r ~ C R M F ~ N F J ~ I ~ ~ F L @ I r M ~ G ~ ~ A G J I r M ~ G L I ~ ~ O ~ F I ~ N O ~ F ~  

D I M E N S I O h  F C r T ( 3 r S ) r F O @ T f l ( 3 , 4 ) ~ F C C J F ( 3 r 4 ) r N O R M ( 3 r 6 ) r N C R M O ( 3 , 4 ) , ~ C ~  
*PF(314)  r V I h T ( 3 )  r 4 N G f l I 4 ) ~ h F J O I t 3 ) , h F L C I O r 4 N G F I 4 ) r N O J F I ( 3 ) , N ~ L ~ I ( ~  
* 1 r C  AN0 (4 1 e C ANF I 4 1 

O I M F h S I C h  C ( 3 ) r X ( 3 ) r e Z ( R ) r I S T C F E ( 9 )  
ANGL E I X != A Y C D  ( X 360 1 +18C 0- S I  GN ( 1 EO. 9 X 1 

N=I) 

C 
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PRATIO 
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c 

C 

C 

C 
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PRATIO 

C 
42 N = N + l  

f f l O T ( 1 r N )  = V I N T ( l )  
FOOT ( 2 r N  1 = V I N T  ( 2) 
F O O T ( 3 9 N )  = V I N T ( 3 )  

C 

c 
5 C G N T I h U E  

CO 8 I=1.4 

DO 6 Jz1.4 
SUM=O 

L = J + 1  6 I F ( L o E Q * S )  L = 1  
c 

hFJOI(l)=FOOTF(2rJ)*FCOTC~3p I P F C C  O( 2 1  ) *FOOT 
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PRATIO 

T H E T 4 I = C b N C (  I )  
C 

c, 
8 COhrTINUE 

on 11 r = i r 4  

on 9 J=L.I 
SlJY=Q 

L = J + l  S I F ( L o F Q o F )  L=l 
C 

N ~ J F I ~ ~ ~ = F O O T ~ ~ ~ ~ J ~ * F O O T F ~ - F C C T F ( ~ ~ I ~ - F C C T F ~ ~ ~ I I * F C C T O ~ ~ ~ J ~  
N O J F I f 2 ~ ~ F O O T F ~ l r I ~ * F O O T 0 ( 3 r J ) - F C C T O l l r J ~ * F O O T F ~ 3 ~ 1 ~  
hflJF I ( 3 ) = F C G T C (  1 9  J)  *FCC)TF ( 2  9 I I-f C C T F I  1 9  I ) * F O C T O ( 2  9 J 1 

N f l L F I ( l ) = F O G T C 1 2 r L ) * F G O T ~ ~ ~ ~ I ) - F C C T F ( 2 ~ I ~ * F C C T ~ ~ 3 ~ L )  
N O L F  I f 2 )=FOOTF(  1.9 I ) *FOOTOI  3 ,L )-FCCTCI 1 r L ) * F O O T F I  3 r I  I 
NOLF I(3 )=FOGTO( 1 * L  1 *FCRTF ( 2  9 I I - F C C T F  ( l r  I )*FflOTO( 2 r L  I 

M 4 ~ J I = F O R T ( ~ O J F I ( l ) ~ * 2 + h C J F I t ~ ) ~ ~ 2 + N O J F ~ ~ 3 ) * * 2 )  

MBGL I =SORT( NOLF I ( 1 ) **2+NCLF I ( 2 )  * * 2 + N O L F I  3 )**2 1 
C 

9 S l l Y =  F U Y + A C P S I  I NO J F I  t 1) + h C L F  11: 1)  + h O J F I  ( 2  I * k C L F I  ( 2  1 + N O J F I  ( 3  1 *NOLf 
* TI31 ) / M A G J I / M A G L I ) + P D + A C O S (  t N O J F I ( l ) * N O R M O ( l r J ) + N n J F I o * K C  * R P C  I2 r J I + h C  J F I  ( 3  1 * h C P I C  ( 3  9 J I ) / M A G J  I )*RDtACC!S ( - I * (  N O L F I  ( 1  I *hGRP 
4: 0 f 19 J ) + N O L F  I ( 7  ) * N f l R C O (  2 9  J 1 + h C L F  I I3I*KORMCI 3 r  J I )  /MPGLI I * R D - 1 8 0 .  

C 

C 
I F I  A B S I  ' jUP-FXCESO) oLT.1. E - t  1 1C 9 11 

1 0  N = N + l  
FOOT ( 1 h ) =FCCTF ( X 9 I 1 
FnQT t 7 . N I  z F C O T F ( 2  r 1 )  
FOOT I 3 N ) =FOOT F I 3 v I 1 
THFT A I=C A h F  ( I 1 

c 
11 CChTThUE 

1 F t N . E C . C )  GC T f l  800 
209 NC=N 

DO 291 T = l r h C  
CBG=SORT( F C C T f  1 r I I * * 2 + F O C T  ( 2  9 I )  **2+FOCT ( 3 9  I )**2) 
Do 7 0 1  J = 1 * 3  

2 0 1  FflOT( J r I I = F C O T I  J*I)/P4G 
C 

no 2 0 2  r = i V 3  
202 C ( I  I = ( F C l f l T l  1 1 1  ) + F C C T (  1 9 2 )  I / 2 0  

C 
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PRATIO 

M4G=SQRT I t ( 1 )*+2+C ( 2 **2+C ( 3  1 * * 2  t 
00 203 1 ~ 1 . 3  

2 0 3  C(I)=CII)/MIG 
r, 

X Y = S O R T I C ( 1 ) * + 2 + C 1 2 ) * * ~ )  
S T = C ( Z ) / X Y  
CT=C( 1)  / X Y  
sp=c I3 1 
C P = S O R T I  l .-SP*SP) 
DO 205 I = l r N C  
DO 204 J = l r ?  
X I  J ) = f  COT I J r  1 ) - C  ( J 1 204 

C 
Y P = - X I l ) * S T + X I ? l * C T  
7P=-X I1 ) * SP*CT-X I 2 1 *SP*ST +X ( 3  ) * C  F 
4 Z  I I ) = 4 N G L E (  A T A N Z l Y P e  ZP ) + R C  1 

205 I S T O R E I I ) = I  
c 

00 2 0 5  I = l r N C  
H=NC- I 
cn 2 3 5  ! = i r ~  
I F I 4 Z ( . J ) o L T . 4 Z I J + l ) )  GO TC 2C6 
4 T E M P = I Z  J 1 
I T E M P = I  STORE I J) 
A2 I J 1 = a  7 ( J + 1 )  
I S T O R E I J ) = I S T C P E I J + l )  
A Z (  J + l ) = A T E I J P  
I S T O R E  I J+1 ) = I T E M P  

206 C O N T I N L E  
C 

DO 2 0 7  K='lrhC 
I =  ISTClRE ( K  1 
J = I  STORF f K + 1 )  
I F  ( K € 8 .  NC 1 
h f l R M I l r K ) = F C C T ( 2 r I ) * F O O T ( 3 ~ J ) F C C T 2 * J ~ * F O O T I ~ r I )  
N O R M ( Z . K ) = F O C X ( ~ r J ) + F ~ O T ( 3 , I ) - F C € T ( l ~ I ) * F ~ ~ T ~ ~ ~ J ~  
h O R M ( 3 r K 1 = F C C T ( l ~ I ) * F O O T ( 2 ~ J ) ~ F C C T I l r J ) + F O ~ T ~ Z r I ~  
M 4 G = S O R l I N n R ~ ( l , K ) * + 2 + N C R ~ ( 2 , K ) + ~ 2 + ~ C R ~ ( 3 e K ) ~ * 2 )  
RO 207 L = l r 3  
NORM( L r K )  =NORM( L r K )  /"4G 

J = I  STORE (11 

2 C 7  
C 

J=NC S SIJP=O. 
GO 208 I=lrNC 
S U M = S U M + A C O S I - L . * ( N f l R Y I  1, I )*NCPp I1 e J i+N'CRMI 2 e I *NORM( 2 r  J 1 +hCFF" ( 3  , I 

* ) * N O R M ( ' 3 *  J)  1 ) *RD 
208 J = T  

C 
EXCES=SUM-(NC-?)* l86 .  
R AT I O= E XC E S I  EXCE SO 

c 
R O O  CONTINUF 

R E T U R N  
END 

39 



APPENDIX B 

SlJPROIJT IN€ LEG IC ( K  r T  STEP 9 F S T E P  9 J J 
C 
C T H I S  SUBROUTINE F X 4 Y I N E S  PPOGR4C CPTICINS TO DETERMINE W E T H E R  THE 
C NEXT t V E N T  IS 4 GRCUNDTRPCK CR FkCTOGPAPHY EVENT 4ND C 4 L C U L 4 T E S  
c THE T I M E  INCREMERT AND TRUE bNGCALY IhCREMEFtT TO T i l E  KEXT E V E h T  
C 
C K=O I N 1 T I 4 L I Z E  
C K = l  CCPPUTE N F X T  S T E P  t T S T E P  IF' SEC 4ND F S T E P  I N  DEG 1 

C FSTEP - TRUF BNCCALY INCREPENT T[! NEXT EVENT 
c J J = l  UPCATE AN0 C 4 L L  SUP G P F I h T  
c JJ=2 U P C I T E  AND C 4 L L  SUF! P P P I N T  
C J J = 3  hfl S Q L U T I C N  
c 

C TIT~P - TIYF INCREPENT TO K E X T  E ~ E N T  

t O M M C k / R L C C K l /  JDCr  J D  r OATE 9 ChUY, F C r OL AST r C E L T  r C E L F  
t O M H D N / R L O C K 2 / A r F r X I I W , O I F , P E R I C C ~ A N G R A T r F O ~ F T ~ T A L r T T G T 4 L  
C O M M O h / R L C C K 3 / R D r C P r U ~ R S ~ P I ~ ~ 4 R € F ~ H ~ D O T r J D R E F  
C O Y Y f l N / f ! l C C K ~ / S X r S Y r  SZ IEXIEV~EZ rCXWCYvCZ 
C O M ~ O h / R l O C K S / I P G r I P U T , I C ~ T E ,  I S T E P r  I O C C r I P H O T C r I M 4 N l l r  151 I O L A P I I F R P  

tOCF(Ch/E! L C C K 6 / T S T P P  r FSTCP 9 CSTOP 
C O Y Y f l Y / R l n C K 7 / H 4 C r ~ P ~  9 4 0 9 f C  9 x 1  C r k C r  00 r \ r Ih 'F r SDEC r S R 4 r  R E T 4  
C O M Y f  N/ R L  CCK8/K J23 r RES 9 P H  11 9 P t i  1 2  ,OVL 4P r C 4 N G F  r C 4 N G S r F P H O T O 1  r F P H O T O 2  

* M E *  I S I N G I  F 

* r F f l n T L r L 4 h ' e C 4 r L A T l r L A T 2 r P L b T  
CflM '40 N / RL CCK 9 / NUMP 
RF4L L 4 T 1  r L 4 T 2 . 1 4 V B D A v L  4 T L P S T  
REAL C 7 r  JDTEwP 
RE41 J O r  J C C r  J O R E F  
I N T E G f R  CSTCPr  OKUMr O L A S T  
INTFGER F L L G P  
O I Y F N S I P N  C 4 T E 1 6 )  r F f l O T L 1  3 9 4 )  
CIYENS I C N  
4NGLE t Y I =4UODt  X r 360.) +18C.-S IGh  t 1 EO. r X 

FPSW ( 3  r 3  1 

C 
c 

K K = Y + I  
Gn TO 1 I * l C ] l ) r K K  

c. 
1 FL4GP.D 

TNF K TP =C, . 
TNEXTG=7. 
NllMP=3 



APPENDIX B 

LOGIC 

GO T O  RCC 
c 

101 I F 1 4 d S ( F T ~ T 4 L ) . G T o o O O l )  G C  T C  2 
Gf7 TO 1 l C 7 r 1 0 2 r l C 2 ) r I P G  

102 GO T f l  1 l f ~ r 1 0 3 r l C 5 r l ~ B ) ~ I f f i d ~ ~  
103 C A L L  YAY IC. r O o r X C r Y C r Z C , K K )  

I F ( K K . E O o C )  GL! T O  2 
t 4 L L  
I F l G o L T . P H 1 2 , d N D o G o G T o P ~ I l )  1 C 4 ~ 1 r 3 6  

hUY P= 1 
C 4 L L  P P P I h T  
G9 TO 2 

C C T (  S X r  SY r S Z r  XC r YC c Z C  r G )  

104 F L 4 G P = 1  

105 D F L F 1 2 = 4 N G l  E ( F P H C T C 2 - F  Pt-iCTCl) 
CELFOZ=* INCLE I F P H P T O Z - F )  
I F I D F L F f 3 2 o L T o D E L F 1 2 )  104rlCO 

106 G f l  To' 1 2 r 7 r l F 7 1 r I P G  
C 

108 C 4 L L  RAY(CO~O.~XCIYCIZCCKK)  
IF1KKoEQ.O)  GO TO 2 
SI NC=ZC /R  S 
I F l L 4 T l  e G T o L A T 2 )  1 C 9 r 1 1 0  

109 T F Y P = L & T Z  
L 4 T 2 = L P T I  
L 4 T l  =TEMP 

113 S I N l = S I N I L 4 T l * D R )  
SI N2=S I N ( 1  AT2*DR 1 
KK= 1 
I F I S I ~ C o L T o S I N 2 . 4 ~ D o S I N f . G 7 . S I h l )  K K = 2  
GO TO f 1 0 6 r 1 0 4 ) r K K  

107 C4CL G P R I h T  
c 

2 GO TCI ( 3 * 1 7 r B ) . I P G  
3 J J = l  

GO TO (4 r 6 )  r I S T F P  
c. 

4 T S T E P = D C I T  
5 C 4 L L  T C O N I C ( U r F r 4 r F r T l )  

C 2 =  4hCR 4T * t T 1 +TST EP ) 
C 4 L L  T I h V S I Y 2 r E r E C 2 r F Z )  
f 2 = 4 N G L E f F 2 * P O )  
F S T E P z F Z - F  
I F (  F S T F P  o L T o C o  1 F S T E P = 3 6 C  o+FSTEP 
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LOGIC 

r;n TCI w c  
c 

h F S T F P = D F L f  
7 CALL T C T h I C f U r E r 4 r F * T l J  

CAL L 
T' jTFP =T2-T7 
1FfTSTEP.LT.O.) T S T E P = P E P I C C + T S T E F  
F O  T f l  f 4 ~ 3 * 2 ~ * 3 ~ + . ) r I P t  

TCCN IC ( IJr F 9 A r F + F  STEP 9T 2 )  

c 

C 
S COYTIhl lJF 

l F f A R S f T Y E X T P ) . L T . l . E - a )  17913 
9 TNFXTP=TSTFP 

c 

c 

c 

10 I F f  4 H S f T N F X T C I  eLT.1.E-e 1 1 1 9 1 4  

11 GO T P  f ? ? r I ? ) . I ~ T E P  

12  TNCXTE=DELT 
GO TO 1s 

C 
1 3  CALL T C C h T C ( U r F r A r F r T 1 )  

C 4 L  L T C C N I  C t UI t r  b r  F + D E L F p  T 2  1 
TNF X TC, = T 7 - T l  
1FITYEXTG.LT.O.) T Y E X T G = P E R I C C + l h E X T G  

c 

c 
1 4  I F (  1"JFXTG.I T - T N F X T P )  15 916 

15 TFTCP=TYFUTG 
TNFXT P = T  h EXT P-TSTFP 
TYF XTG = 3  
J J = L  
GO TO 5 

c 
16 TSTEP=TNFXTF 

TYE XTG= TNE XTG-T STF P 
l N F X T P = 3 .  
F L P G P = l  
N l M F  = h l J Y P t  1 
J J = 2  
GO T O  E; 

c 
17 COYTlY lJF 
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LOGIC 

If ( F L 4 G P  o E Q o  0 )  291 1 8  
C 

18 GO TC llS*2Gr2012C) * I F R A P E  
19 FLAGP=O 

hUMP=O 
GO TO 17 

C 

C 

C 

20 I F 4  I O L 4 P o E Q . P )  21923  

21 GO TO ( 3 C 7 r C I r I S T E P  

23 C 4 L L  O V E R L A P ( T S T E P 1  
GO TC! 308 

307 TSTEP=DECT 
308 CPLL T C ~ ~ T C ( U .  ~ . . a *  F * T ~  I 

P 2 = A N G R L T * I T l + T S l E P )  
C 4 L L  
F 2 = 4 N G L f l F 2 * R D )  
F S T E P z F Z - F  

T I Y V S  (vZr Fv E t 2 1  F2 1 

If F STEP, L T o  C o  ) F S T E P z 3 6 C  + F S T  E F  
C 

C 
24 G f l  TO ( 2 4 2 r 2 4 2 9 2 4 1 9 2 9 3 )  , I F F I C E  

241  C A L L  T C C N I C ( U r E  r d r F  t T 1 1  
C 2 = b Y G R 4 T + ( T l + T S T E P )  
C 4 L L  
FNE XT=bNGLE ( FNFXT*RD 1 

T INVS ( M 2  9 E v FC2 r FNEXT 1 

I F ( F N E X T - C T o F P H O T O 2 )  Z E 1 9 2 5  
c 

242 J D T F  IP= J D + T  S T E  P / P 6 h O C  
C 4 L L  VECTOR( J O T E P P r R l  r R Z 9  e3 , @ Q t @ f  vi36 ~SXTEVPISYTEMPISZTEYP, R 7 9  e 9 9  

* r  R 1 0 . R l l r  P12 94 1 
F=F+F S T E P  

F = F - F S T F P  
C 4 L L  R P Y ( O , ~ C : ~ X C I Y C I Z C , K K )  

C P L L  D C T I Z X T E M P v S Y T E ~ P t S Z T E ~ P , X C , ~ C r Z C v ~ T E ~ P )  

I F ( G T F Y P o L T , P ~ 1 ? . 4 N D . G T E Y P . G T . F H I l )  25927 
c, 

C 
25 G f i  TO ( 8 0 3 r 2 6 r 9 ) r I P G  
26 JJ=2 

h lJMP=hUMP+l  
c.0 TCI 5 
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LOGIC 

C 
27 CGNTINIJF 

00 28 I = l r 2  

F=F+FS T F P  
CPLL 
F = F - F S T F P  

CbLL 

on 2 8  ~ = i * ?  

R A Y  ( (-1 1 ** I * C A N G F  p ( - 1 . 1  * *  J * C  4NG S r XC r YC r Z C  r KK 1 

IF(KK.EO.Q) GP T O  28 
D C T  ( I X T E b ’ P v S Y T E M P , S Z T E P F t  X C  r Y C r  Z C r  GTEHP 1 

I F (  GTEMP o L  T . P H I  2 4NDa G T E Y P  GToPH I1 1 GO T O  25  
28 CONTINUC 

c 
2 8 1  F L P G P = 3  

NUMP=O 
GO TI7 17 

C 
2 9 3  F = F t F S T F P  

C P L L  R B Y ( C o  v C *  * X T I Y T I Z T T K K )  
F= F- FF T F P  
I F ( K K . E Q . 0 1  GC T C  799 
SlNC=ZT / R  S 
PL 4 T C  = 4 5  I h I S  I NC 1 * R D  
I F ( F I N C o G T ~ S I N Z o O R o S I N C o L T o S I ~ 1 )  G O  T C  296 

294 Gfl T O  25  

2 9 6  F = F + F F T E P  
C 

I 4 8 0 V E = ?  
I R F L  3w=3 

Df l  2 9 9  Jz1.2 
C 4 1 1  R P Y ( ( - l . ) * * I * C 4 N G F p ( - 1 . ) 4 * J I C A N G S I X T I V T . Z T ~ K K )  
I F ( K K o E Q o O 1  GI1 TO 299 

on 299 I=I . : ,  

SL 4 T =  ZT / R 5 
PLdT 1= 4 5 1  Y (  S L 4 T  t *RO 
I F (  S L 4 T o C T o S I N 2  1 I b R r V F = I b @ C V € t l  
I F (  F L A T 0 1  To S I N 1 1  I H E L O W = I R E L O W + l  

799 CCNT I NlJE 

300 Cf NT I hlJF 
I F I I 4 A ~ V E . E Q o 4 . 0 R . I A E L O W . E C . 1 )  3 C C r 3 C 5  

F=F-F STEP 
GO T O  ZRI 

3 0 5  F = F - F  F T E P  
Gn T R  2 5  
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C 

C 

C 

29 C O N T I N U F  

GO TO ( 3 R r 3 0 r 3 C r 5 2 1 r I F R A P E  

30 t 4 L L  S U N ~ b N C ~ S X r S Y r S Z , P H I l ~ X I ~ W ~ C ~ R P C ~ r F l r F 2 ~ I T Y P E l ~ I ~ Y P E 2 ~ ~ ~  
SUNRI\ND( S X  r SYr SZ , P H I  2 ~ x 1  , k , O i R P Q W r F 3 r F 4  r I T Y P E 3 r  I T Y P E 4 , 0 )  C 4 L L  

I F (  I T Y P E l  o E Q . 0 )  F l = l O O C  
I F (  1 T Y P E 2 0  EO. 0 )  F 2 = l r ) 0 5 0  
IF( I T Y p F 3 o E C . O )  F 3 = l O C O o  
I F (  ITYPEL.EQoC)  F 4 = 1 0 O C *  
I F I ~ M I ~ ~ ( F ~ ~ F Z ~ F ~ ~ ~ ~ ) . G T ~ ~ ~ ~ O )  GC TO 739 
D f = 4 H I N 1 ( 4 N G L E ( F l - F ) r  bNGLE(F2-F ) ,dNCLE(F3-F ) rPhGLE(F4-F ) )  

I F I 4 B S ( D F - A ~ G L ~ ( F l - F ) ) . L T . . C O L )  EC T O  3 1  
I F  { A B S  t DF-dYGLE ( F2-F 1 1 L T  o C C 1 )  GC TC! 3 1  

FSTEP=DF 

G N E X T = P H I 2  
GO T 0 ' 3 2  

31 G N E X T = P Y I 1  
32 CONTINUE 

C 

C 
I F ( I P H O T O o E Q o 0 )  GO TC 37 

NCNT=O 
C A L L  TCCN IC Ut E A s  F r T 1 1  
C 4 L L  T C G N I C ( U r F * 4 r F + O F , T 2 )  
CT= T 2 -  T 1 
I F ( D T o L T . O , )  DT=PERfCD+CT 

C 
C I L L  U P C I T € ( C T r D F )  
T l = T 2  
c a L L  R ~ Y ~ O . . O , ~ X C ~ Y C ~ Z C , K K  J 
t 4 L L  DC T t 5 X ;SY 9 SZ r XC r YC P ZC 9 G l  1 

C 
3 3  CONTINUE 

C4LL T C O N I C ( U * E r  b r F + l o , T Z )  
T S T F  P z T 2 - T l  

OF =DF+ 1 
CT=DT+TSTEP 

I F  I T S T E P  .LT e 0  1 TSTEP=PER IOD+T ST EP 

C A L L  U P D A T E ( T S T E P r 1 . )  
C 4 L L  
C A L L  O C T ( 5 X  rSY * S Z * X C P Y C , Z C , G ~ )  

RAY (0. r O o  r X C r  YC r Z C  P K K  1 
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P G w R T F = ( G 2 - t 1 ) / l e  
F S T E P = - ( G l - G N E X T I  IPGWRTF- i  
T l = T Z  

TST EP=T 2 - T 1  
CPL L TCCN 1 C ( UI F9 4 r F + F S T f P  9 T 2  1 

IF[ FSTFP.GT.qo LND.TSTEPoLT.00 1 T S T E P = P E R I O D + T S T E P  
I F ( F S T F P o L T . O o . A N D . T ~ T € P . G T . O . )  T S T E P = T S T f P - P E R I f l D  
OF= D F + F  t T  E P 
C T = D T t T S T F P  
C 4 L L  I l P C A T E ( T S T E P r F S T E P 1  
C 4 L L  R P Y I O . I C . ~ X C I Y C I Z C ~ K K )  
C 4 L L  D O T (  S X  r SY r S I  9 XC r v C  , Z t , G 1  1 
T l = T Z  
I F l b @ S I G l - G h E X T )  .LTo .001) 3 5 9 3 4  

c 
34 N C Y T = N C N T + l  

I f ( N C N T . F Q . 1 9 )  799933 
c 

35 C C N T I h U E  
T t T F P  =I) T 
FST F P = D F  
C 4 L L  
GO T f l  53 

36  t n Y T I h U C  

UPO4 TF ( - 0 T  *-OF I 

c 

F STE P =  A NGL € ( FPHGTO1-F 1 
c 

37 CPLL T C C K I C ( U * E I ~ . F I T ~ I  
C 4 L L  T C U N l C ( U t F r A r F + F S T E P 1 7 2 )  
T F T F P = T Z - T l  

GO T n  53 
IF(TSTEP.LT.0, )  T S T E P = T S T E P + P E R I C C  

c 
38 G f l  T f l  ( 3 Q r * S l r l Z I N G L E  
39  S C l = S I Y (  P L A T * D R )  / S I N ( X I + C R l  

I F ( 4 A S ( S C l ) . G E . I . l  GO T C  7 C 9  
C 1  = A  F I N l  S C l  ) *RD 

Cfl=4NGL F [ W+F l 
C 2 = S I  GN ( 180 o r C 1  I - C l  

I F (  A Y G L F ( C l - C O ) . L T . o Q Q l  ) C l = C O - . I  
I F ( A N G L F I C Z - C O I  . L T o o 0 3 1 ) C 2 = C C - o 1  
CELC.= 4 Y  I N 1  ( 4NGL F (C1-Ct-I 1 9 Ah G L E  (C 2-CO 1 1 

41 CALL T C C N I C ( L ! I E I ~ ~ F ~ T ~ )  
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C 4 L L  T C C N I C  I U r  E r  6. F + C E L C t T Z  1 
DT=T2-  T 1 

OSTAR=O 
USTAR=W 

F L = A N G L E I C C + D E L C - k S T A R 1  
F S T F P = 4 N G L E (  F L - F  1 
TSTEP =DT 

TF f  0T.LT.O. 1 CT=PERIOD+CT 

C A L L  k E L L  S (  Q S  r l J r X  520 r A t  E t  X I t k  STAF r OST @ R r  CT 1 

I F ( I P H O T O o E Q o 0 )  GO TO 50 
r. 

42 LCNT=O 
C4CL U P C A T E I T S T E P r F  S T E P )  
C 4 L L  
1FIKK.EQ.C) GO T C  7 9 3  
PL A T 1  = A S I N I 2 T /  R S 1 *RD 

R4Y I O o r O o r  X T r Y T r  ZT,KK 1 

43 T l = T 2  
C A l  L TCGNIC f U, E *  0 r f + 1 o ,  T 2  1 
D T z T Z - T l  
I F f  IlT.LT.O.1 DT=PERIOO+DT 
C 4 L L  U P D A T E I D T r l o )  
T S T E P = T S T E P + D T  J F S T E P = F S T E P + l .  
C 4 L L  R 4 Y f O .  r @ .  ~ X T I Y T I Z T  t K K 1  
1FfKK.EO.O) GO TO 799 
P L A T Z = 4 F I  N f  Z T / R S  )*RE 
PL WRTF=I  P L 4 T 2 - P L b T 1 1  / l a  
OF=( PL A T - P L 4 T l 1  / P L W R T F - l  
7 1 = T 2  
C $ L L  T C C t i I C  t U . E *  A r F + C F p T 2  
DT=T2-T  1 
I F  f DT oLT.0. AND. DFoGT o G  1 
IF I 0T.GT.O. 4ND. DF. L TOO 1 
C 4 L L  

CT=PEPICD+DT 
C T = C T - F E R I  OD 

1JPC AT€ f CT r OF 
T S T E P = T $ T E P + D f  6 F STEP=FSTEP+OF 
C A L L  
I F ( K K o E Q . O I  GC T O  799 

RAY I O  r CI r X T r  YT r Z T  9 KK 1 

P L A T  1= A S I N I  Z T / R  S 1*RD 
IF ( A R S I  P L  AT1-PLAT)  LT. . C G 1 )  45 9 4 '  

44 N C N T = N C N T + l  
I F I N C N T o F Q . 1 0 )  799.43  

45 C A L L  UPC A TE f - T S T E P  r-F STEP 1 
GO TO 50  

46 C O N T I N U F  
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C 
C C IJM PY L OG I C 
C 

F F T E P = l . I I C  
GO T f l  37 

5 2  S K I = S  I N (  X I + D R  1 
S C I = F I N (  L b T l * D R  1 / S X I  
S C 3 = S I N ( l A T Z * D R ) / S X I  
CO=ANGCE ( W+F 1 

c 

I F 1  A R S  ( SC 1 I .GF: o l  1 55.56 
5 5  C 1 = C 0 + 3 5 S o c 9  $ C 2 = C 1  $ G C  T C  57 
56 CONTINJIJE 

C 1 = 4 S I k (  S C 1  ) * P D  
C 2 = S I  G N I  1 8 C  *C l)-C1 
IF ( 4RS I 5 C 3  1 . G E o  1 57 

5 8  C3=CO+359oS9 d C 4 = t 3  $ GC T O  4C 
5 8  959 

59 CONTINUE 
C 3 = 4 S I N ( S C 3 ) * R D  
C4= S I GY I 1 RC C 3 1-C 3 

60 C f l N T I N I I E  
C Y I N = A Y I N l ( C l r C Z r C 3 r C 4 )  
I F ( C M I N . G T o Q 9 9 o )  GO T O  799 
C F L C ~ A Y I N l I 4 ~ G L E ( C l - C O ) r A N G L E ( C Z ~ C O ~ ~ ~ N G L F ~ C 3 ~ C O ~ ~ P N G L ~ ~ C ~ ~ C O ) ~  
I f ( 4 R S ( D F L C - A N G l E I C l - C C ) ) o L T o o ~ ~ ~ ~  G@ T f l  5 3  
I F  ( b R S  I DELC-ANGLE ( C 2 - C O )  1 o L T o  o C O 1 )  GC T O  5 3  
P L 9 T = L  4T2 
L I T L P S T = L  4 T l  
GO T f l  5 4  

LPTL 4 S T = l  b T 2  
5 3  P L 4 T = l 4 T l  

54 GO TC 41 
c 

c 
5 0  GO TC ( 5 1 r 5 1 * 9 I r I P G  

5 1  F I  4 G P = 1  
tvIJMP=l  
JJ=2  
GO T O  @ @ G  

c 
799 J J = 3  
800 RFTURN 

END 
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C 
C 
r. 

C 

C 

S U R R O U T I & E  G P R l N T  

T H I S  SUBROUTINE C A L C U L 4 T E I  AND k P I T E S  GROUNDTPbCK DATA 

D I M E N S I O N  O A T E f 6 )  r n T M E f 4 )  r F C ' C T L I S  9 . 6 )  

R E 4 L  JCCr JDr L A T 3 r L O N 2  
RF 4 L  
I N T F G E R  C S T C P r C k U M r O L 4 S T  
COMMON/RLOCKl/ J001 JD * D A T E  rCMUY,b b r O L  AST r 0 E  L T  rDELf  
COVYCH/BLOCK2/  49 E r X  I r W r O r  F 
COYMDN/RLQCK3 /RO r DR r U p R  S t P I  p H 4 R E f  r H 4 0 0 T 1  JOREF 
COMPCh/ SLCCK4/SX 9 SY 9 S 2 9  E X  9 E Y  
~ O M Y C N / R L C C K ~ / I P G I I P U T , I C ~ T E , I S T E P ~  ICCCr I P H O T C r  I M P N U r  If31 I O L A P ,  l F R 4  

t O Y M O h / R L C C K 6 / T S T O P r F S T C F , ( S T C P  
COYMON/RLOCK?/HAGrHPO 
C f l M M O ~ / R L C C K B / X J Z O r R F S 1 P H I 1 ~ P ~ I l , P ~ ~ Z ~ ~ V L 4 P r C A N G F r C 4 N G S r F P H O T f l l ~ F P H ~ T O ~  

L 4 T 1  r L  4 T 2  r L 4 P R D 4  r L 4 T L 4 S T  

PER I C C r  4NGR4Tr  F O  r F T O T 4 L  r TTOTAL 

EZ , C X  r CY r C Z  

*ME. ISIMGC F 

A @ ,  EC , X I 0  , k C  r CO r V I  NF r SOEC r SRAr R E T 4  

* * F O O T 1  r L  4Mf!!34r L A T l r L  4 T 2  ,PLAT 
ANGLE ( X  1 =4YCO( X ,360 1 +1RC .-SIGN 11 e0 r X I  
C 4 L L  CCYC4R(  4 r F  * X I  r W r 0 ,  F ,  X I , Y l v Z l  r D X l  r D Y l  r D Z l  el!) 

X 2 = X l * C f l S ( l - 4 * D R  l + Y 1 * S  I N ( H 4 * O R  1 
V?=-Xl*SI Nf Y4*DR 1 + Y  l * C G S ( Y d * D R )  
2 ? = 7 1  
R X 2  = C l  X1*CC S( t4 4*DR )+DY 1 * S  I Fc ( H 8 *CR ) 
C Y 2 = - D X l * S I ~ I H 4 * D R ) + D Y l ~ C ~ S ~ h 4 * 0 ~ ~  
072=D 21 

C 4 L L  DOT f X l  r Y 1  r Z 1  ~ S X I S Y I S Z ~ P H I  J 
c4cc CPRCOF; ( x z  * Y  z *Z 2 ,aY 2 , 0 2 2  *a2 * ~ 2  *xi2 r ~ 2  * C Z  , ~ 2  u )  
C 4 L C  

H Z z R Z - R S  

C4RSPw I X2 r Y 2  r Z 2  V O X 2  ,DY 2 ,CZZ r S 2  rLOh2 9 L 4 T 3  r V2r G4M2 r S  f G 2  1 
LO k2 = 4 N G L E f L C hp2 9 

WY=HADOT*l?R/Rh40C. 
kt4 I = I, 2*C 0 S f G 8 P2 * C R 1 
VHI E=VHI * S I  h ( S I G Z * D R )  
VH I N= V1i I *CC S f S I GP*OR 1 
VYF =R S*COS f L AT 3 * D R  1 * W  M 
V T E = V Y I f - V C E  
S I G 2 R = A T A N 2 (  V T F r  VHIN )*RO 
VHR=SQRTf V H I  N * * 2 + V T E * * 2  1 
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OPRINT 

* * E 1 6  S r *  PI4 I 2  = * t E 1 6 . 3 / *  P L 4 T  =* r E  16 B r *  RE S =* 
* * = l e .  9 * *  R S  =* r E 1 6 . 9 ~ *  SCEC = * r E 1 6 . 8 / *  S R 4  I 

* * * F l h . S * *  TSTOP = * r E l O . S r *  U =* # E l 6  8 r *  V I h F  
* =*  * F 1 6 . 9 / *  k C  = * r t l 6 . P  ,* x IO = * e  E 1 6  08. * X J 2 C  
* = * * F 1 6 . 6 )  

I F (  IPG.EO.1) W R l T F I 6  r l O 6  1 

IF f I PG .FC - 7  1 kR I T E (6 107 1 

IF f ' IPG.FO.3 ) W P I T E l b  *',OR 1 

136 FnRMAT(*CGPOIINP T9ACK O P T I C N * )  

I 3 7  FORYPT f * f -+PPCTD C P T I O N * )  

1 3 3  FnRMATf *GGRCUND TRACK ANC GHCTO C P T I C I \ *  1 

103 FC)RU4TI* I k P t I T  *,* 40 = * r E 1 6 . E p *  EC = * r E l 6 . 8 )  

110 F f l R M h T ( *  I N P U T  *,* HPC =*,E16.€** H A C  = * r E 1 6 . 8 )  

111 F O R Y P T f *  5 VECTOR I N P U T * )  

1 1 2  F O R M 4 T f *  C a L F N D 4 R  D A T E  I k P L T * )  

1 1 3  F f lRMAT(*  J I I L I 4 N  CBTE I h P L T * )  

I F f  I P L T  oFQ.11 k Q  I T E f  4 1 C 9 )  bC E C  

I F  f I P l i T  F G  e 2  1 WRIT E ( h  r 11 0 1 k F  C 9 HOC 

I F f  IPUT.FQ.3 )WF I T E f 6 r l l l )  

IF1 ICITE.FIS.1 I W Q I T E ( b r l l 2 )  

IF1 TC4TE.EC.Z)WRITE ( 6 , 1 1 3  1 

I F f  I STEP. FC.1 1WR I T F  (6,114 1 C E L T  
114 F O R V P T ( *  T I M E  STEP OF * q C 1 6 . 8 , *  EVPLOYED*)  

1 1 5  F O R P 4 1 ( *  TRUE 4 h C M 4 L Y  S T E P  C F  * r E 1 6 e B r *  EMPLOYED*)  
I F f I F T E P . E 0 . 2 1 W R I T E ( 6 , 1 1 5 ) C E L F  

I F I I f l C C . F Q . O ) k R r T F ( 6 r L l t )  
116 Fr3RMPTf* hC C C C U L 4 T I C N  C P T A * )  

117  F f l P p Q l ( *  rCCI!L 4T  I C N  DATA G I V E \ *  1 

1 1 %  F O R Y 4 T ( *  V F R T I C 4 L  PHCTOGPPPHY*)  

119 FOPMI3T(* hCN V F R T I C B L  PHCTOERf iPHY*)  

I F I I O C C . F O . I ) ~ R I T E f 6 r 1 1 7 1  

I F I I P H 0 T I: F 0 C 1 W R I T E ( 6 9 1 1 8 ) 

I F f  IPH'ITC'.ER. 1)  W R I T E  ( C 9 1 1 9  1 

I F f  1 C4h\JoE C. C 1 WR 1 TE ( 6 9 120 1 
12c F O R M A T  ( *  kr- M P Y E U V E R S  MICE*) 

I F f  I M4h'U.EQ. 1 1 WRI T F l h  , l  21 1 
1 2 1  F O R r 4 T  I* FQhEIIVERS COMPUTEC*) 

1 2 2  F O k M A T f *  E Y A T H I X  NOT COMPUTED+) 

1 2 3  FCIRMPT f * R U I T P  T Y COMPUTED* 1 

1 2 4  F O R Y 4 T I *  P I C T U R E S  T 4 K E h  Ch S T E P * )  

I F f I R . E Q . C ) W R I T E ( 6 r l 2 2 )  

I f f  IR.EQ.1 ) W R I T E  (6 .123)  

I F  I I C L  AP E O  -0 1 W R I T E  I 6  9 1 2 4  1 
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OPRINT 

IF( I O L I P o E C o l )  W R I T F ( 6  p 1 2 5 ) C V L  bP 
125  FORMPT(*  P I C T U R E S  T I K E N  CN *,E16.81* OVERLAP*)  

IF ( I F R A Y E o E O o l  ) W R I T E ( 6 , 1 2 6 )  
125  F O R M A T ( *  S I N G L F  P I C T U R E  T I K f h * )  

l F ~ I f R 4 Y E ~ E Q ~ 7 ~ W ~ I T F ~ 6 , 1 2 1 ) P H I l ~ P ~ I Z  
1 2 7  FORMPT(*  P I C T l l R F S  T b K € N  @ f T k E E h  P H I 1  OF * r E 1 6 , 8 r *  4hD P H I L  

1 O F  * * E 1 6 o 8 )  
IF I I F R  4 Y E  . E Q o  3 1 WP.1 TE 6 9 128 1 F P H C l C l * F P H O T 0 2  

12R F O R M 4 T ( *  P I C T l J R E S  T I K E N  BETWEEh F P H O T O l  OF *rF?021* 4ND FPHC 
l T 0 2  OF * r F 7 . 2 1  

I F ( I F R 4 M E o E Q o 4 ) W P I T E ( 6 r l 2 F 1 L L T r r L b T 2  
129  F O R M P T ( *  P I C T b R E S  T I K E N  @ETkEEh L P T l  OF *1F7oZr* PND L 4 T 2  

ZOF * * F 7 o 2 )  
T OS T C P = 3 6  0 FQ+ 3600 * ( 0 ST OP-1) 
TFSTOP=FSTOP 
B = P M ~ ~ D ~ T S T @ P I P E R I ~ D )  
CALL TCGM IC( UI € 9  4 r f O 1  T F O  
XY=(Tf! l+R)*4NGR4T 
I F ( X C o G T - Z o * P I )  3 9 4  

XM= x 4-2 0 *P  I 

C A L L  TINVSIXMIEIECIFB) 
F O R = F  B*RO-FC 

TTSTOP=3CG.* I  T S T C P - B ) / P E R I C C + F O e  

3 R=R-PERIOC 

4 C C N T I h U E  

I F l F f l R . L T o o 0 0 1  )F09=3hO.+FOR 

I F ~ T O S T f l P o L T ~ T F S T O P o I N D o T C S T ~ P o l T o T T S T O P ~ W ~ I T E ~ 6 ~ 2 ~ C ~ ~ O S T O P  
2 0 0 0  F O R M P T ( *  PROGRPM W I L L  STCP Ch OSTOP **IS) 

2001 F O R M 4 T f *  P R C G P I Y  W I L L  STCP Ch FSTOP = + r E l b o B ~ *  DEGREES*)  
I F ~ T F S T ~ ~ P ~ L T ~ T T S T ~ ~ P ~ ~ N D ~ T F ~ T O P ~ L T . T C S T O P ~ ~ R I T E ~ ~ I ~ ~ O ~ ~ F S T O P  

I F ~ T T S T O P o L T o T F S f O P ~ 4 N D o T ~ ~ T O P o L T ~ T ~ S T O P ~ W R I l E ~ ~ ~ 2 ~ 0 2 ~ T S T O P  
2392 F O R Y 4 T f *  PRCGR\AM W I L L  S T r P  Ch TSTOP = **€16.8** S E C * I  

C 

C 
2 C C N T I h l J E  

RETlJRhi 
END 
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OVERLAP 

7 C O N T I h l i F  
C 

c 
S . i 4 = S I  I\: ( t I 4 * O R  1 6 Ct44=CCS (Hb*CR 1 

cn 1 I = l  , b  
X T E M P = F O G T C f l r T )  S Y T E M P = F C C T C ( Z p I )  
FOOTOIlrI1=XTEMP*tH4+YTEMP*Sh4 
FOnTO ( 2 r I )= -XTEYP*SHI+Y T E p P * C H 4  1 

c 
C 

CT=O. d O L A P L = I o  
DF=O. 4 F S T F P = l .  

C 

C 

c 

C 4 L L  T C C N I C ( U r F r A r f  r T 1 )  

2 C O N T I N U E  

C 4 L L  TCCN IC ( U  * E  r b ,  F+FSTEP,TZ 1 
T S T  EP= TZ-T 1 
I F 1  T S T F P o  L T o O o  4hD. F S T E F o G T o O o  1 
I F  ( T S T E P  GT. 0 4NOo F STE Po C T  o D  1 

TSTEP=PER I O D + T S T E P  
1 C, T E P z T S T E  P-PE R IO0 

CF=DF+F S T  EP 
OT=DT + T S T F  P 
C 4 L L  U P C a T E t T S T E P r F S T E P )  
C A L L  ~ ~ Y ( - C ~ N G F I - C ~ N G S ~ F C ~ T F ( ~ , I ) ~ F ~ ~ T F ( Z ~ L )  r F C C T F 1 3 r l ) r K F t l )  
C 4 L L  R I Y  ( -C4hGFr C I N G S T  FCOTF(  1 9  2 1 r F O O T F ( Z r 2  1 r f O O T F I  39 21 r K F (  2 )  
C 4 L L  R A Y  ( C 4 N G F  r C A N G S v  FQCTF ( 1 q ? )  r F C G T F  i 2 9 3) rFCOTF ( 3  9 3 )  r KF ( 3  1 1 
C 4 L L  9 4 Y (  C ~ N ~ F I - C ~ N G S , F O O T F ( L ( ~ ) ~ F O O T F ( ~ ~ ~ ~ ) * F ~ ~ ~ T F ( ~ * ~ ~ ~ K F ( ~ ) )  

C 

c. 
S H 4 = S I Y I H L + D R )  d C H 4 = C O S ( k d * C R )  

co 3 I = l r 4  
X T E M P = F r O T F ( l  e 1 1  S Y T E M F - F C C T F ( 2 r I )  
FOOTF { 1 9 I l=XT€-MP*CW&+YTEMP+SH 4 
Ff lnTF ( 2 r I 1 =-XTF CP* SH A+Y TEC F *CH d 3 

C 
C 4 L L  P R a T I C ( F C O T C r F ~ C T F , P d T I O )  
I F I R 4 T I ~ . G T o . ~ 9 S S 9 ) G 0  T C  6 

I F ( A R S I R A T I O ) . G T . . O O O C G I )  GO TO E 

DF=OF-FSTEP L DT=DT-TSTEP 
F STE P =F S T  E P/ 2 

C 

C 4 L L  U P C b T F ~ - T S T E P ~ - F S T E P )  
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OVERLAP 

GO TT! 2' 
5 CONTINUF 

I F  ( b R S ( R A T I O - O V L  P,P) . L T .  . C O O l )  GO T O  4 
POWHTF=fR4TIO-OLAPl)/FSTEP 
F S T E P = - ( P A T I C - O V L I P  ) / P O W R T f  
IF fP l?kRTF.ET .C .? )  f S T E P = 5 .  
I F ( b H S ( F S T E P ) . G T . ~ .  1 FSTEP=SIGNIf.rFSTEP) 
C L 9 P 1 = 9 b T I C  
T l = T 2  
GO T O  2 

6 F t T F P = T .  
T 1 = T 2  
GO T i l  2 

4 C G N T I N I I "  
T t T  EP =DT 

C 

CbLL LPCbTE( -CT. r -DF)  
r. 

R O O  RETURN 
END 
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SURROUTINF P P R I h i T  
C 
C 
C 

THUS S U e P C U T I N E  C A L C U L A T E S  AND k R J T E S  PHOTOGRAPHY D A T A  

COMMCh/ R L r C K l /  JDCI JD t C I T E  r ChUb',I. b r  O L  4 S T s  O E L T t  OELf 
C O M Y ~ N / S L C C K 2 / A r E r X I t W ~ G , F , P E S I C C I A N G R 6 T t f O r f T ~ T A L t T T ~ T A L  
COvMC h/ RCCCK3 / RD 
C O ~ M ~ ~ / R L C C K 4 / S X r S Y ~ S Z , E X 1 E V I E Z 1 C r r t Y I C Z  
CGPMOh/RLC!CK5/ IPGt I P U T ,  I C b T E ,  ISTEPI I O C C t I P H O T O t I M 4 N U t  I B t I O L 4 P , I F R b  

C O Y H C i h / @ l  CCK&/TSTOP t F S T C P  CSTOP 
C O M M C ~ / R L C C K ~ / H ~ C ~ Y P ~ , ~ C ~ E C ~ X I C , W C I C O ~ V ~ N ~ ~ S ~ ~ C ~ S R ~ , ~ E T ~  
COMMON/ R l  OCKB/X J 23 t RES, PH I1  * r F O O T L r L  A P f C  b t  L 4 T 1  r L  b T 2  r P L b T  

CP 9 U 9 R S 9 P I T F 4RE f I H I O O T  I JDREF 

*MF t I F I NGLE 

P H I  2 rC VLAP r C 4 N G F  tC ANGS rF PHOTO1 9 F P H C  TC2 

COM HO N/ R L f lCK 9 / NUMP 
R E 4 L  L ~ T l r L A T 2 r L 4 Y B D b r L b T L 4 S T  
C I M E N S I C R  D A T E f b ) r F O O T L ( 3 p Y )  
D I M E N S I C K  F C C T ( ? r 4 ) r K K ( 8 )  
ANGLE ( X )  =A)JOD( X I  36C. 1 +l e0 .-SI Gh ( 1  EO. I X )  

c. 

c 
C 4 L L  G P R I K T  

C I L L  R4Y ~ - C A N G f t - C ~ N G S , F C C T ( l t l ~ r F O O T ~ 2 r l ~ t ~ O O T ~ 3 t ~ ~ t K ~ ~ l ~ ~  
C 4 L L  R4Y I-CANGFt CANGS,FOCT( L r i ) r F O O T ( 2 1 2 )  t F C i C T f 3 t 2 )  t K K ( 3 1 )  
C4LL R4V ( C A h i G F t  C ~ ~ G S ~ F C C T I ~ T ? ) ~ ~ O ~ T ( ~ , ~ ) , F O O T ( ~ ~ ~ ) ~ K K ( ~ ) )  
CALL R 4 Y  ( C 4 N G F  t-CANGS,FOCT( 1 9 4 )  r F O O T ( 2 r 4 )  r F C O T ( 3 r b )  r K K ( 7 )  1 

IFIKK(l)+KK(3)+KK(S)+KK(7).NE.4) G O  TC '300 
r. 

c 

C 
S Y P = S I N ( H O * G R )  d CH4=COS(Hd*DR)  

00 1 1 ~ 1 . 4  
X T E M P = F n O T ( l r I )  $ Y T E Y P = F t C T ( Z , I )  
F O f l T l l  t I  1 = XTEYP*CY4+YTEh'F+Sk4 

1 FOOT(  211 )=-XTEMP*SHb+YTEPP*CH4 

C A L L  P R ~ T J C ' ~ F O ~ T L I F ~ I C T , R A T I O )  

t?fJ 201 1 ~ 1 . 3  

c 

C 

cn 201  J = I * ~  
201 f O O T L (  I r J ) = F C C T (  I *  J )  

C 
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PPRINT 

WRITE ( 5  *I01 1 R 4 T I C r  NUMP 
1Cl F O R Y 4 T ( *  PHCTC! CIVFPI AP = * F 7 0 3 , l C X r * F O O T P R I N T  NUMBER = *I3/1ZX,*La 

4 N G L E 8 r l O X  ,*SL4NT R 4NC,E*r7Xt  +STAT * T I  T1JDE* * I  1 X * * L C l h G I  TUDE+ 9 1 2 X  t * S U h  
*IC R F S O L U T I C N * )  

C 

C 
C 4 l L  C C N ~ b P ~ b r F r X I r W r O ~ F c X , V , L l O t r D Y I D Z I U ~  

X T F M P = Y  h YTFF,LP=Y 
X= X T E C P* CP 4+Y T E Y  P*5H b 
Y=- X T F '4 P * CY 4 +Y TE MP * C t i  A 

XSUN = S X *CH4+SY * S  HA 
YFU N=- S X * S H  @ +SY * CH 4 
ZSUN=SZ 

N=$ 
9 N = N + I  

GO TO 

C 

C 

t 1 C r 1 1  9 1  2 9 11 9 1 3  , 11 9 1 4  1 11 t 1 5  9203 1 9 h 
C 

10 C41. L Y 4Y ( 0 rG 0 r XT r Y T  9 ZT ,K 1 
GO TO 1 5  

C 
11 . I=N/2 

XT=FOP!T ( 1 9 J 1 
Y T = F f l O T ( l r  J )  
ZT=F O C T  ( 3 r J 1 
GO T O  17  

C 
1 2  C4l I RPY(-CANGFrC.  r X T p Y T , Z 7 p K K ( h - 1 1  1 

GO TO 15 

GO TO 1.5 

GQ TO 1 6  

GO TO 16 

1 3  C 4 L L  R 4 Y  (Q. ~CANGSIXTIYT * Z T  ,KK ( h - 1 )  1 

14 C4LL  R 4 Y  ( C 4 h G F  e t .  9 XT r Y T t Z T , K K (  h - 1 ) )  

15 C4LL  K 4 Y  ( 3  r - C A N G S r  X I  , Y T  t ZT,KK( h - 1 )  1 

t 
16 XTFMP=XT ZI YT€MP=YT 

X T  = x T E F, P * T H  4 +Y T k P P * S  I- 4 
Y T=- X T E Y P S  C;( 4 + Y i E  CP*CHP 

C 
1 7  CPLL L ~ T L F ~ ( X T ~ Y T * Z T I X L ~ T , X L C ~ ~ )  

X L l l Y G = 4 Y G L E (  X L O N G )  
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PPRINT 

C4LL 
SR=SORT ( ( X - X T )  * * 2 + ( Y - Y T  I * * ? + (  Z-ZT !+*2 # 

D O T (  X T r Y T  r Z T * X S U N , Y S L N r Z S U h  ,PHI 1 

SRE S =  S R * R  E 5  
c 

C 
GO TO ( 1 ~ r ~ ~ r 1 9 r l ~ r 1 9 t 1 ~ , 1 ~ , 1 9 ~ 1 ~ )  rN 

1 8  W R I T E ( b r 1 0 2 )  XL4TiXLONG,PHIgSR,SRES 
102  F O R Y L \ T I *  C E N T E R * r 6 X r F 6 o 2 , 1 3 X ( F 7 . i r 1 3 X . F 7 . 2 r 1 3 X 1 F 9 o 3 ~ l 3 X r F 9 s Z ~  

GO TO Q 

C 
19 I=N-1 

W R I T E ( 6 . l C 3 )  IrXL4TrXLChGtPHI,SR,SRES 
103 F O R M A T I *  P C I N T * r  I 2 r 5 X t F ~ o 2 , 1 3 Y ~ F 7 o 2 ~ 1 3 X I F 7 . 2 , 1 3 X I F 9 , 3 1 1 3 X ~ F 9 o 2 )  

GO TO 9 
c 

300 W R I T E l h r l Q 4 )  
104 FORYL\T( *@PYCTC F O O T P R I N T  C F F  P L b h E T  * I  
200 CONTIhUE 

C 
RETURN 
END 
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SUSROUTINF R P Y l F A N G L E , S b N G L E , X T v V T r Z T I K K )  

T H I S  SURROUTINE CPLCULATES T k E  F C I N T  W E R E  THE CAMERA VECTOS P I E R C E S  
THE SURFbCE OF TPE P L 4 N E T  

C 
C 
C 
c 
c 
C 
r, 
C 
C 
c 

FANGLE - FORWARD CAMERA HALF ANGLE 
S A S L E  - SIDE CAMFRA HALF ANGLE 
X T r Y T r Z T  .. P O I N T  WHERE THE CAMERA VECTOR P I E R C E S  THE SURF4CE 
KK - 9 I M P L I E S  DCES NOT P I E R C E  TI-E SURFACE-1 I V P L I E S  DOES P I E R C E  
THE SURFACE 

COMMON/RLOCK2 / A 
C O C M O ~ / R L O C K 3 / R D r C R r U , R S , P I ~ ~ P R E f r H A ~ O T r J D R E f  
COWMQN/RLOCK5/1 PG I P U T ,  IC ATE 9 I S T E P *  ICCCI I P H O T C  I Y A N U  151 I O L A P I  I F R b  

COMYON/RL OCK8 /XJ2Q r RE S, PHI  1 * P H I  2 IC V L 4 P  r C 4 N G F r  C d NGSr F P H O T O l  I FPHOTOZ 

RE4L L 4 T 1  r L A T 2  r L  ACBDAvLPTLPST 
R F b L  J C r  J C O r  JDRFF 
C I M E h S I C h  FCCTC ( 3 9 4 )  

E r X I  U t  0 9 F p PER IC 0 r ANGRAT r F C  rFTOTILL  r T T C T  AL 

*PE* I S I N G L E  I 

* ~ F O O T L I L A M B C A ~ L A T L I L A T ~ , P L A T  

KK= 1 
J = I P H I 3 T O + l  
GO TO ( 1 0 r 7 0 ) r J  

10 CCNTIh lJE  
S F = S I N ( F A N G L E * D P I  $ C F = C C S I F A N E L E * O R )  
S S = S I k ( S A N G L E * D R  I L C S = C O S (  SANGLE*DR) 

R=5QRT(  X * X + Y * Y + Z * Z  I 
H l = - X / R  S H2=-Y/R S H3=-Z /P  
P l=H2*CZ-H3*DY $ P 2 = H 3 * D X - h l * C Z  $ P 3 = k l * D Y - H 2 * 0 X  
P=SQRT(Pl*PltP2*P2+P3*P3) 
P l = P l / P  L P 2 = P 2 / P  $ P 3 = P 3 / P  
0 1 = P 2 * H 3 - P 3 * H 2  S 0 2 = P 3 * H l - P l * H 3  $ Q 3 = P l * H 2 - P 2 * H l  
RY=CS*CF $ RQ=CS*SF S RP=SS 
R l =  R H  W l  +RQ*Ol+RP*P 1 
R2 =R H* H2 +R O* 02 +P P * P 2  
R7=RA*H3+RQ*03+P P * P 3  

11 C 4 L L  C C N C A R l A r E r X I r W r O , F , X , Y , Z ~ C X r O Y r C Z r U )  

SINRC=RS/R $ CC!SRC=SQRT (1  o-S I N R C * * Z  I 
IF IRH.GToCOSRCI  GC TO 20 
K K = 6  
GO T f l  A Q C  

X l = X + R l * S R  S YT=Y+R2*SR $ Z T = Z + P I * S R  
GI3 T f l  830 

SF= S I h ( F b h  EL E*DR I J CF= CC S ( F ANCL E *OR I 
S S = S I N (  ( S 4 N G L E + L A M R O I I * C R )  $ C S = C O S (  ( S A h G L E + L A M B G A ) * D R )  
GO TO 11 

END 

20 SR=R*RH-SQRTI R*RH 1 **2-R**2+R.S**5 I 

30 C n N T I N U E  

8 C O  RETURN 
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SUBROUTINE S T O C 4 S E  
C 
t 
C 

T H I S  SURROIJTINE C E F I N E S  PRCGR4V CCNSTbNTS AN0 ST4NDARD I N P U T  C 4 T A  

C O M M C N / P L C C K l / J D C r J D . C 4 T E I C N U ~ t ~ A r O L 4 S T r O E L T r D E L F  
C O Y M l l N / R L P C K 2 / 4 r  E r X  I r CJ 90 ,F t PER I C C r  4NGRbT r FG r FTCT ~ L I  TTOT AL 
C O ~ M O h / R L C C K 3 / R D r C R r U ~ R S ~ P I ~ ~ ~ R E F ~ H 4 O O T r J O ~ E F  
C O M M O N / R L C C K 4 / S X r S Y r S Z I E X I E V , E Z  t C X r C Y r C Z  
C O ~ M O h / R L O C K 5 / I P G r I ~ U T t I C ~ T E t ~ S T E ~ r I O C C r I P H O T ~ r I M 4 N U r I B r I O L 4 P t I ~ R ~  

C O M M f l N / R L R C K 6 / T S T O P r F S T ~ P t O S T ~ P  
COMYON/RLOCK7/HBCrHPOIbC , E C  V X I C  t k C  r G O r V I N F  r SCECI S R d r  BET A 
C O M M O h / R L C C K R / X J 2 0 r  R E S ,  P H I 1  t PH I2 ,QVLbPrC4NGFrC4NGSrFPHnTOl t F P H O T C 2  

*HE 9 I S I N G L E  

* rFf lOTL r L 4 P 8 0 4 r  L RT1 r L AT2 9 PL PT 

REAL J D r  JCOr JDREF 
REAL L AT 1 4T  2 rL  AMBOA L ATLAST 
INTEGER C S T C P r C h U M r O L 4 S T  
DTMENSION D A T E 1 6 ) r F O O T L  ( 3  9 4 )  

D 4 T 4  RDrORrP1/57.2957795~33823r ,C17453292519943~3~1415926S358979/  

FTOT 4L =O. 
TTOT hL=0  . 
ONLJM=l 
OL 4ST= 1 
TOCC=O 
IMANU=O 
IR=O 

Dfl 1 J s l r 4  
no 1 111.2 

no 2 ~ = i . 4  
1 F O O T L I  I r J)=O. 

2 F f l O T L ( 3 r J ) = l .  
C 

T S T O P = l . E + l O  
FSTOP= l .E  t 10 
CST c P= 1 oc! 00 
U= 42 E 2 9 0  5 
RS= 3386.  
H 4 R E F  =149 0475 
H A 00 T= 3 5 0 89 1 96 2 
JDR E F  =24  1 8  3 2 2  0 

C 

C 
RETURN 
END 
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SIJRROI!TINE UPDATE(  TSTEP,FSTEP)  
C 
C T H I S  SURRCUTINE UPCATES ALL T I M E  CEPEFtOENT P A P I M E T E R S  SUCH 4 5  
C TRlJE 4NOHALY rHOUR ANGLE 9 ETC. 
t 
C TSTEP - I N C R E A S E  T I M E  B Y  ' ISTEP 
C FSTEP - INClUiASB TRUE ANOMALY BY FSTEP 
r. 

ANGLE ( X  )=41ACD( %e3600  1 + l 8 G  o - S  I G N  I l @ O o r  X 1 
C O q M h N / B L O C K l /  JDClr JD r D 4 T E  9 C  h U M p F  1! r O L 4 S T  r D E L T r  DELF 
C O M ~ G h / B L C C K 2 / A r E r X I r ~ ~ O , F ~ P E R I C ~ r 4 N G R 4 T r F O r f T O T 4 L r T T O T 4 L  
~ O Y M ~ ~ / ~ ~ L C C K ~ / R D I C R ~ U , R S ~ P I , ~ ~ R E F ~ H A O C T ~ J O R E ~  
Cf lYMON/RLCCK4/SXe SY r SZp EX ( E Y  
C O M M ~ h l R L O C K S / I P G ~ I P ~ ~ T ~ ~ C 8 T E ~ I S T E F l f O C C ~ I P H O T O ~ I M 4 N U r I f l ~ I O L ~ P ~ I ~ ~ ~  

E 2  ( C X  r C Y  r C Z  

*ME* ISJNGLE 
t O C C f l h / A L C C K 6 / T S T O P r F S T O P , C S T C P  
C O Y M O h / R L C C K 7 / H 4 C r H P O , 4 O ~ E C , X I O , ~ C r O ~ r ~ I N F r S O E C r S R 4 r E E T A  
C O M Y C N / R L  OCKB/X J 2 0 r  RES, P P I 1  ,PH I2 gOVL4P rC4NGF r C  4 N G S r F P H O T O 1  tFPHOT02 

* r F n O T L r L A C R C P e L 4 7 l r L A T 2  ( P L b T  
REAL J C r J C C r J D R E F  
R F 4 L  I 4 T l  r L b T 2 r L P Y @ O A , L 4 T L 4 S T  
INTEGER C S T C P r  ChlUMr OL  4ST 
D I M E N S I O N  C 4 T E I 6 ) r F Q O T L ( 3 r 4 )  
JD= JD +T STEP /3600 /24 
W D I = F L O 4 T ( I F I X f  JC) )  
FD I = J D- W I 1  I 
C 4 L L  J U L C @ L I O I T E r W n I r F D 1 , 0 )  
F=ANGLE( F t F S T E P )  
F T O T 4 L = F T C T I L + F S T E P  
TTOT AL = TTOT 4 L + T S T E P  
f l L I S T = C  hU C 
ONUM=( F T Q T b L + F O )  / 360 .  +1 .O 
I F  ( OL A ST GT .ONU M )OL 4 ST-O KU C 
hA=H AR EF+H 4DCT*  ( JD- J C R E F  1 
H4= P N G L E  I k 4 1 
C4LL  
CALL V E C T C R ( J D r D E C S r R A S , D E C ~ , R ~ E , D E C C , R ~ C , S X r S Y , S Z r E X r E Y r E Z , C X , C Y ,  

WELLS( R S  r U  r X J 2 0 r  A ,  E , X I ,W 9 C 9 T S T E P  I 

1 C h  94 1 
RETlJRN 
END 
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SUBROUTINE CtILJUL(WJD,FJDihNDtFC*X) 
C 
C T H I S  SUBRCUTINE Cf lNVERTS A G I V E N  CALEhOCLR D A T E  TO THE L O P R E S P C h C I P B  
t J U L I 4 N  C 4 T E  4 h D  8 L S C  COPFUTES TI -€ NUPPER O F  CCIYS WHICH HAVE ELBPSEC 
t S I N C E  JPNUbRY 1 AT OOCO HULPS*1SSC. 
C 
C WJD - WWQLE NlJMRER P 8 R T  OF JULIPh C A T E  
C F J D  - F R 4 C T I O N 4 L  P 4 R T  OF J U L I 4 N  CBTE 

C F D 4  - F R B C T I O N 4 L  P 4 R T  OF WNC 
C X f  1-61 - C4LENDAR DATE f Y E A R ~ M C h f h r C 4 Y ~ H O U R I M I K U T E I S E C O N O t  
C 

C WND - WHllLE htJPBER OF CAYS S I h C E  J 4 h U b R Y  loOr1930 

D I M F N S I O N  X I 6 1  r A 1 1 2 1  
D50=2433282 .  
V D = X I  11-4.9. 
YC=Y D /4. 
KYL=YL 
CK=KYL 
I F ( V L - C K )  1 r l r 3  

1 I F ( X f 2 ) - 2 . 1 4 r 4 r 3  
3 CS=CK 

GO T f l  5 
4 ES=CK- l .  
5 D S = O S + 3 6 5  e* ( Y E - 2  1 
00 6 1 ~ 1 . 1 2  

6 B f I $ = l o O  
K=X(  2 1 
Dfl 7 I - K . 1 2  

7 A f I ) = O o O  
DS=DS+31 .  * (  4 (1 ) + A I 3  1 t 4  ( 5  ) t a t 7  I t @  ( 8  ) + 4 (  1 0 ) + 4 (  1 2  I ) 

DS=DS+X I 3  1-1 . 
WND=DS 

1+30- +I 4 f 4 ) + 4 f 6 )  + 4 ( 9  ) + 4 (  11) 1 + 2 8 .  * a ( 2 I  

F O = X / 4 1 / 2 4 o + X 1 5 ) / 1 4 4 O * + X I ~ ) / e t 4 C C o  
I F  F 0-0 405$ S 99 1 9 r 8 r 8 

8 FJD=FC-.5 
k , J D = l  . 
Gn TO i o  

9 FJD=FD+.5 
WJD=O. 

RETURN 
END 

10 WJD=DSO+WJD+WND 
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SUBROUTINE C A R C O K I X I Y , Z , D X I D Y ~ C Z , ~ ~ E I X I I W I O I F I U )  
C 
C T H I S  SUeRClJT INE CCNVERTS C P P T E S I F K  COORDINATES TO C O N I C  ELEMENTS 
C 
C KeY.2 - CCPPCNENTS OF P C S I T I O h  bECTOR 
C DXeDYeDL - COMPOFtENTS OF V E L O C I T h  VECTCR 
C b * E . X I  - SECI-M4JOR 4 x 1 s .  E C C E N T R I C I T Y *  I N C L I N 4 T I O N  
C W * O t F  - 4RGUMFNT OF P E R I A P S I S .  L C h G I T U D E  OF b S C E N D I N G  NODE? TRUE 
C AhOCALY 
C L: - G R b V I T I O N A L  CChSTANT 
C 

D4TA R D / 5 7 0 2 9 5 7 7 9 5 1 3 0 8 2 3 /  
(LNGL E ( X ) = P M O D  ( X 360 ) +18C o - S  I GN 180 )I 1 
C l  =Y*C Z-2 *DY 
C2=2 * 0 X- X+DZ 
c3=x* o r - w n x  
H=SOR T ( C 1 * C l + C 2 * C 2 + C  3*C 3 1 
CX I R = C 3 / H  
X I  R z A T A N 2  ( SCRT (1  . -CXIR**2  1 r C X I R  1 
S X I R = S I N ( X I R 1  
so=o. 
cn= 1. 
I F ( S X I R o F C . O o 1 G O  TO 5 
S O = C l / ( H * S X I R )  
CO=-C 2 / ( lJ* S X I R ) 

V=SORT (DX*DX+DY*DY+DZ*DZ 1 
5 R = S O R l (  X * X + Y * Y + t * t )  

A=R*U / ( 2 *U-R*V* V 1 
€=SORT( 1 o-H*H/( U*4 )  1 
P=4*(1o-€*E) 
FR=4T(LN2( X+DX+Y*DY+Z*DZ*H*(P-R)  / P I  
W = 4 N G L E ( R C * ( ~ T 4 N 2 ( ( - X * S O + Y * C C ) * C % I R + Z * S X I ~ ~ X * C O + Y * S O 1 - F R ) )  

O=(LNGLE(RC*bT4N2 (SOtCOt 1 
X I  =RD * X I R  

F = 4 N G L E ( R C * F R )  
RETUR k 
END 
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SURROUT f NE kEL L 5 t 8 9 U 9 J2C t A t E t X I t k t 0 9 ET 1 

THIS SL'RPCUTINE UPDPLTES TI-€ PRGUYENT O f  PERIAPSIS  AND THE LONGITUCE 
OF THE ASCFNCING NOOE 

R*Um 520 - PLANET RADIUS, GRAUITIChAL CChSTAhT. 2hD ZOhAL HPRHCkIC 
4 r E 1 X 1  - SFPI-M4JOR 4 X I S t  ECCENTFICITY*  XNCLXNATION 
H.O.OT - ARGUMENT OF PERIAPSSSp LCNGITUOE CF ASCENDING NODE, T I M E  

INCREMENT 
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INPUTS AND OUTPUTS 

The definitions of all input and output parameters a r e  given in this appendix along 
with a sample input and the corresponding output. 

Definition of Input Parameters  

The following parameters a r e  available for input into the computer program PANDG: 

Program 
symbol 

A 0  
EO 
XI0 
wo 
00 
Fo 
HA0 
HPO 
VINF 

SDE C 

SRA 

BETA 
DATE 

JD 
FSTOP 
OSTOP 

TSTOP 
DELT 
DELF 
PHI1 
PHI2 

66 

dathematical 
symbol 

a 
e 
i 
w 
st 
f 

Ha 
HP 
vca 

A t  
Af 

$1 
$2 

Units Definition 

Semimajor axis 
Eccentricity 
Inclination 
Argument of periapsis 
Longitude of ascending node 
Initial t rue anomaly 
Altitude of apoapsis 
Altitude of periapsis 
Hyperbolic excess velocity of zpproach ..yperbola in 

Declination of incoming hyperbolic asymptote in areo- 

Right ascension of incoming hyperbolic asymptote in 

Orientation angle of orbital plane (ref. 1) 
Six-dimensional vector defining initial calendar date. 

The order  is: year,  month, day, hour, minute, seconc 
Initial Julian date 
Cent r al-angle stop condition 
Orbit-number (integer) stop condition (orbit number 

changes at periapsis) 
Time stop condition 
Time increment or step 
True anomaly increment or step 
First Sun angle denoting lighting band f o r  PhotograPhY 
Second Sun angle 

areocentric coordinate system 

centric coordinate system 

areocentric coordinate system 
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Program 
symbol 

FPHOTOl 

FPHOTOP 
aAT 1 
aAT2 
?LAT 
IVLAP 
2ANGF 
2ANGS 
LAMBDA 

PUT 

DATE 

PG 

STEP 

FRAME 

.SINGLE 

lathematical 
symbol 

f l  

*f 
*S 
x 

hits Definition 

irst t rue anomaly denoting desirable a rea  for 
photography 

econd t rue  anomaly (f2 > f l )  
pirst latitude denoting desirable a rea  for photography 
econd latitude 
,atitude denoting position of a single picture 
fatio of overlap a rea  to  area of previous picture 
Forward camera half-angle (see sketch (b)) 
ide camera half-angle (see sketch (b)) 
)ut-of-plane angle for nonvertical photography (see 

nput option for initial state 
sketch (b)) 

1 - AO, EO, XIO, WO, 00, FO 
2 - HAO, HPO, XIO, WO, 00, FO 
3 - VINF, SDEC, SRA, BETA, HAO, HPO 

nput option for initial time 
1 - DATE (calendar date) 
2 - JD (Julian date) 

'rogram mode option 
1 - Groundtrack only 
2 - Photography only 
3 - Photography and groundtrack 

1 - DELT (time increment) 
2 - DELF (true anomaly increment) 

1 - Single photograph 
2 - Multiple photographs between Sun angles (PHI1, 

3 - Multiple photographs between t rue anomalies 

4 - Multiple photographs between two latitudes (LAT1 

ltep option 

Iption denoting region of photography 

PHI2) 

(FPHOTOl , FPHOT02) 

LAT2) 
Iption denoting position of single photograph 

1 - PLAT (photograph taken on latitude) 
2 - Not programed 
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IOLAP 

IPHOTO 

Rs 
U 
xJ20 
RES 
HAREF 
JDRE F 
HADOT 

n 

' S  

P 

J20 

00 

B 

Units Definition 

Multiple photograph option 
0 - Successive photographs taken on step (see 

1 - Successive photographs taken on overlap con- 
ISTE P opt ion) 

side ration (OVLAP) 
Option denoting type of photography 

0 - Vertical photography 
1 - Nonvertical photography 

Radius of planet 
Gravitational const ant 
Second zonal harmonic of the planet 
Photography resolution constant 
Hour angle at a reference Julian date 
Reference Julian data 
Time rate of change of hour angle 

Flow Diagram of Input Parameters  

A flow diagram of the input parameters has been found to  be very helpful. Not all 
the parameters are defined for a specific case. Only those parameters necessary for  a 
given option must be input. In addition, some numerical values have been stored in the 
program and a r e  seldom changed. However, an option is available t o  change these con- 
stants when desired. Starting with the input of $CASE, the user  can follow the flow dia- 
gram and choose the options o r  s e t s  of input desired. An underline denotes that a numer- 
ical value must be input. For most of the parameters,  the input units a r e  given. The 
options are  selected by inputing the number which is underlined. The proper input param- 
e te rs  are chosen by proceeding through the flow diagram until the end of the case is 
reached, at which point a $ is input to  terminate the case. 

68 



APPENDIX C 

I-- 

-- 
f 

C O -  m 

Fl II II 

E s n  
A -T- 

69 



APPENDIX C 

CI z 
~ W 

I 

- 

t 
el 
f n w  
U Q  

a 
I I 

70 



APPENDIX C 

Sample Input 

The program input is loaded by using a FORTRAN IV namelist. A sample set of 
input data is as follows: 

$CASE IPUT = 2, 
HA0 = 30 OOO., 
HPO = looo., 
XI0 = 60., 
WO = 160., 
00 = 230., 
FO = 300., 
IDATE = 1, 
DATE (1) = 74., 
DATE (2) = 2., 
DATE (3) = 16., 
DATA (4) = O.,  
DATE (5) = O. ,  
DATE (6) = O . ,  
FSTOP = 400., 
IPG = 3, 
ISTEP = 2, DELF = l o . ,  
IFRAME = 4, L A T l =  30., LAT2 = -25, 
IOLAP = 1, OVLAP = .25, 
IPHOTO = 0, CANGF = 10, CANGS = 20.$ 

71 



APPENDIX C 

Definition of Output Parameters 

Definitions of the program output follow: 

Program 
symbol 

JULIAN DATE 
CALENDAR DATE 

ORBIT TIME 

ORBIT NO 

LAT 
LONG 
ALT 
VE LI 
FPAI 
PHI 

VOHR 

HA 

W 
0 
T .A. 
PHOTO OVERLAI 

FOOTPRINT 
NUMBER 

CENTER 
POINT 

LATITUDE 
LONGITUDE 
SUN ANGLE 
SLANT RANGE 

STATIC 
RESOLUTION 

dathematical 
symbol 

JD 

6 
ff 

H 
V 
Y 
@ 

V/H 

e 

w 
sz 
f 

6 
a! 

@ 
d 

Units 

n 

nefinition 

Current Julian date 
Current calendar date (year, month, day, hour, 

minute, second) 
Time from initial state (day, hour, minute, 

second) 
Orbit number (The orbit number is 1 initially 

and increases by 1 at each periapsis 
passage.) 

Latitude of the subsatellite point 
Longitude of the subsatellite point 
Altitude of spacecraft 
Inertial velocity of spacecraft 
Inertial flight-path angle 
Sun angle (angle at subsatellite point between 

V over H ratio or  horizontal velocity relative 
Sun vector and local vertical) 

t o  surface divided by altitude of the 
spacecraft 

sured from the prime meridian (see 
sketch (a)) 

Hour angle of Martian vernal equinox as mea- 

Argument of periapsis 
Longitude of ascending node 
True anomaly of spacecraft 
Ratio of overlap area to area of previous 

Number of footprint within present sequence 

Camera axis 
Points 1, 3, 5, 7 are footprint corner points 

Latitude of respective point 
Longitude of respective point 
Sun angle of respective point 
Distance between spacecraft and respective 

static resolution is slant range multiplied by : 

footprint 

of footprints 

and 2, 4, 6, 8 are at the midpoint of the side 

point (see sketch (e)) 

constant (RES) 
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Sample Output 

The output which resulted from the sample input described previously is presented 
subsequently. These output data are also presented graphically in figure 1. Because of 
the lack of space, only the first part of the computer printout follows. 
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